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20.  Abstract  (continued) 

50  watts/lb  an^%  capacity  degradation  of  less  than  10%  after  one  month  of 
storage  at  160^. 

We  showed  that  all  the  above  objectives  can  be  met  by  the  hermetic  Li/SOCl2 
D cells  developed  by  usi  In  fact,  the  low  rate  D cells  developed  by  us  on  a 
separate  program  d^Jiv^red  capacities  of  18  A. Hr  at  a constant  voltage  of  3.5 
volt  conres^jDdin^^  an  energy  density  of  290  WHr/lb  and  20  WHr/in^  at  low 
dr^iJw^iOT^L-O.OSA) . High  rate  cells  routinely  delivered  12  A .Hr  at  1 .OA  drain 
"co^sponding  to  energy  density  of  156  WHr/lb  and  11  WHr/in^, 

However,  we  found  that  the  system  suffered  from  two  inherent  deficiencies: 

(a)  A voltage  delay,  particularly  at  low  temperatures  after  high  tempera- 
ture storage. 

(b)  A chemical  instability  that  led  to  an  explosion  hazard , particularly  on 
shorting  and  forced  as  well  as  on  resistive  load  overdischarge. 

We  studied  the  voltage-delay  problem  in  sufficient  detail  to  define  its  under- 
lying causes  and  developed  several  methods  for  alleviating  it.  Lowering  the 
electrolyte  salt  (LiAlCl^  concentration  as  well  as  a partial  discharge  alleviated 
the  voltage  delay  to  an  extent  that  the  cell^show  no  voltage  delay  after  a 
storage  of  1 month  at  72^  and  test  at  -30^  at  currents  of  0.25,  1.0  and 
3.0A.  We  consider  the  problem  to  be  essentially  solved  for  all  practical  pur- 
poses. 

We  pursued  both  a physical  and  a chemical  approach  to  solve  the  explosion 
hazard  problem . We  found  that  low  pressure  venting  is  an  eff  active  way  of 
preventing  cell  explosions  on  external  shorts.  However,  this  approach  was 
ineffective  in  preventing  explosions  from  forced  over  discharge.  Also,  on 
occasion  the  cells  exploded  on  resistive  load  ov^ischarge.  A completely  dis- 
charged battery,  while  sitting  on  the  shelf  at  25*^,  may  also  explode  quite  un- 
expectedly. This  is  of  concern  since  it  is  impossible  to  prevent  resistive  load 
overdischarge  and/or  storage  of  partially  and/or  completely  discharged  batteries 
in  normal  use.  We  believe  that  this  problem  needs  to  be  solved  before  the  field 
use  of  the  system  can  be  recommended,  particularly  in  regard  to  D size  cells. 

We  carried  out  DTA  (Differential  Thermal  Analysis)  studies  of  the  chemical 
compounds  and  their  mixtures  that  may  be  present  in  a partially  discharged 
Li/SOCl2  cell  and  identified  the  exothermic  reactants  that  might  either  initiate 
or  propagate  an  explosive  reaction  in  the  system.  However,  we  have  not  been 
able  to  develop  a suitable  inhibitor  for  quenching  those  exothermic  reactions 
as  yet.  We  also  found  a plausible  mechanism  for  the  observed  spontaneous  ex- 
plosion of  partially  discharged  cell  on  storage.  Although  we  identified  some 
safe  design  features  for  a Li/SOGlo  cell  we  have  not  yet  found  an  entirely 
satisfactory  chemical  solution  to  the  explosion  problem. 

In  view  of  the  above,  it  is  recommended  that  future  work  be  focussed  on  tv/o 
specific  questions: 

a.  Is  it  possible  to  prevent  cell  explosion  on  reversal  (forced  over- 
discharge)? 

b.  Is  it  possible  to  construct  cells  that  are  innocuous  in  the  partially  or 
completely  discharged  state  on  casual  storage? 
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This  report  summarizes  the  R&D  activities  carried  out  by  P.  R.  Mallory 
& Co.  on  the  development  of  a primary  LI/SOCI2  D cell  from  March  1974  to 
July  1977  on  the  ECOM  contract  nAAB-07-74-C-0109. 

The  original  objective  of  this  program  was  to  develop  a D cell  which  Is 
storable  and  operable  in  the  temperature  range  of  -40  to  160°F  and  Is  capable 
of  delivering  in  excess  of  ISO  WHr/lb  at  the  thirty  hour  rate  and  peak  power 
density  of  SO  watts/lb  and  a capacity  degradation  of  less  than  10%  after  one 
month  of  storage  at  160®F. 

We  carried  out  a systematic  investigation  of  the  system  in  an  effort  to 
define  the  intrinsic  performance  capabilities  as  well  as  the  limitations  of  the 
system.  Our  basic  approach  was  twofold: 

(a)  Optimization  of  the  system  in  order  to  achieve  all  the  above  performance 
goals  in  a hermeticzdly  sealed  D cell  structure,  and 

(b)  the  identification  and  definition  of  problems  associated  with  the  system 
and  the  development  of  approaches  to  solve  these  problems. 

We  showed  that  all  the  above  objectives  can  be  met  by  the  hermetic 
Li/SOGl2  D cells  developed  by  us.  In  fact,  the  low  rate  D cells  developed  by 
us  on  a separate  program  delivered  capacities  of  18  A>Hr  at  a constant  voltage 
of  3.5  volt  corresponding  to  an  energy  density  of  290  WHr/lb  and  20  WHr/in3 
at  low  drains  (0.01-0.03A) . High  rate  cells  routinely  delivered  12  A •Hr  at 
1 .OA  drain  corresoonding  to  energy  density  of  156  WHr/lb  and  llWHr/in^. 

However,  we  found  that  the  system  suffered  from  two  inherent  deficiencies: 

(a)  A voltage  delay,  particularly  at  low  temperatures  after  high  tempera- 
ture storage. 

(b)  A chemical  instability  that  led  to  an  explosion  hazard,  particularly 
on  shorting  and  forced  as  well  as  on  resistive  load  overdischarge. 

We  studied  the  voltage-delay  problem  in  sufficient  detail  to  define  its 
underlying  causes  and  developed  several  methods  for  alleviating  it.  Lowering 
the  electrolyte  salt  (LiAlCl4)  concentration  as  well  as  a partial  discharge 
alleviated  the  voltage  delay  to  an  extent  that  the  cells  show  no  voltage  delay 
after  a storage  of  1 month  at  72°C  and  test  at  -30<’C  at  currents  of  0.25,  1.0 
and  3.0A.  We  consider  the  problem  to  be  essentially  solved  for  all  practical 
purposes. 
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We  investigated  the  explosion  hazard  problem  in  a phenomenological 
manner.  First  vre  established  the  conditions  under  which  the  hermetic 
Li/SOCl2  D cells  explode.  Then  we  attempted  to  develop  ways  and  means 
tc  prevent  the  explosion.  We  found  that  the  lowering  of  the  rate  capability 
may  not  prevent  cell  explosions  as  long  as  the  cell  could  get  hot  enough  by 
other  extraneous  circumstances  such  as  high  temperature  storage,  heavy 
Insulation  of  the  cell  wall  and  so  on.  We  found  that  low  pressure  venting  is 
an  effective  way  of  preventing  cell  explosions  on  external  shorts.  However, 
this  approach  was  ineffective  in  preventing  explosions  from  forced 
overdischarge.  Also,  on  occasion  &e  cells  exploded  on  resistive 
load  overdischarge.  A completely  discharged  battery,  while  sitting  on  the 
shelf  at  25°C,  may  also  explode  quite  unexpectedly.  This  is  of  concern  since 
it  is  Impossible  to  prevent  resistive  load  overdischarge  and/or  storage  of  partially 
and/or  completely  discharged  batteries  in  normal  use.  We  believe  that  this 
problem  needs  to  be  solved  before  the  field  use  of  the  system  can  be  recommended, 
particularly  in  regard  to  D size  cells . 

We  carried  out  DTA  (Differential  Thennal  Analysis)  studies  of  the  chemical 
compounds  and  their  mixtures  that  may  be  present  in  a partially  discharged 
Li/SOCl2  cell  and  identified  the  exothermic  reactants  that  might  either  initiate 
or  propagate  an  explosive  reaction  in  the  system.  However,  we  have  not  been 
able  to  develop  a suitable  inhibitor  for  quenching  those  exothermic  reactions  as 
yet.  We  also  found  a plausible  mechanism  for  the  observed  spontaneous  ex- 
plosion of  partially  discharged  cell  on  storage.  Although  we  Identified  some  safe 
design  features  for  a LI/SOCI2  cell  we  have  not  yet  found  an  entirely  satisfactory 
chemical  solution  to  the  explosion  problem. 

Ih  view  of  the  above,  it  is  recommended  that  future  woiic  be  focussed  on 
two  specific  questions: 

a.  Is  it  possible  to  prevent  cell  explosion  on  reversal  (forced  over^ 
discharge)  ? 

b.  Is  it  possible  to  construct  cells  that  are  innocuous  in  the  partially  or 
completely  discharged  state  on  casual  storage? 


TABLE  OF  CONTENTS 


Page  No. 

Summary  ^ 

I.  Introduction  ^ 

n.  Task  I.  Component  Capability  and  Design  3 

A . Material  Compatibility  Studies  3 

a . Experimental  3 

b.  Results  and  Discussion  4 

B.  Optimization  Studies  4 

a.  Experimental  5 

b.  Results  and  Discussion  6 

C.  Pressure  Build-up  Studies  8 

a.  Experimental  8 

b.  Results  and  Discussion  8 

D.  General  Conclusion  from  Task  I.  9 

ni.  Task  II.  Construction  of  Sealed  Portable  Battery  Cell  10 

Prototypes 

A.  The  Design  and  Construction  of  the  Hermetic  10 

D Cell 

B.  Test  Program  for  the  Shelf  Life  Evaluation  of  11 

the  D Cell 

C.  Results  13 

a.  Fresh  Tests  13 

b.  Storage  Tests  14 

D.  Conclusions  16 


IV.  Task  m.  Study  of  Voltage-Delay  Problem 


Page  No. 
17 


A. 

The  Empirical  Approach 

17 

a. 

Experimental 

17 

b. 

Results  and  Discussion 

17 

c. 

Conclusion 

18 

B. 

The  Phenomenological  Approach:  SEM  Studies 
on  The  Li  Anode  Film  in  the  Inorganic  Electro- 
lytes 

18 

a. 

Experimental 

20 

b. 

Results  and  Discussion 

21 

c. 

The  Effect  of  Electrolyte  Variables  on  the 

Voltage  Delay  of  Hermetic  D Cell 

26 

a. 

Effect  of  Salt  (IiAlCl4)  Concentration  on  the 
Energy  Density  of  Hermetic  D Cells 

26 

(i)  Experimental 

26 

(ii)  Results  and  Discussion 

26 

b. 

Effect  of  Electrolyte  Variables  on  the  Voltage 
Delay  of  Li/SOCl2  Hermetic  D cells 

27 

(1)  Experimental 

27 

(ii)  Results  and  Discussion 

28 

c. 

Conclusions 

29 

Task  IV.  Safety  Studies:  Development  of  Protection 
Against  Short  Circuit  and  Thermal  Runaway 

30 

A. 

The  Physical  Approach 

30 

a. 

Low  Pressure  Venting 

30 

(i)  Venting  at  0 PSIG 

30 

(ii)  Quantitative  Measurement  of  Cell 
Pressure  and  Temperature  on  Short 
Circuiting 

31 

Page  No. 


(ill) 

Short  Circuiting  of  D Cells  With 
a Low  Pressure  Vent 

33 

(iv) 

Overdischarge  of  D Cells  With  Low 

Pressure  Vents 

33 

(V) 

Conclusions 

34 

b. 

Reduction  of  Rate  Capability 

34 

(1) 

Electrochemical  Performance 

34 

(ii) 

Short  Circuiting  Tests 

35 

(ill) 

Conclusions 

36 

c. 

General  Conclusions  From  the  Physical  Approach 

36 

The 

Chemical  Approach 

36 

a. 

Differential  Thermal  Analysis  of  LI/SOCI2  Cell 
Constituent 

37 

(1) 

Experimental 

37 

(li) 

Results  and  Discussion 

38 

(iii) 

Conclusions 

46 

b. 

Exothermicity  Measurements 

48 

(1) 

Experimental 

48 

(il) 

Results  and  Discussion 

48 

(ill) 

Conclusions 

49 

c. 

General  Conclusions  From  the  Chemical 

49 

Approach 

VI.  Conclusion  50 


VII.  References 


51 


I.  Introduction 


The  LI/SOCI2  Inorganic  electrolyte  system  (1-4)  is  one  of  the  highest 
energy  density  systems  known  to  date.  The  system  consists  of  a Li  anode,  a 
carbon  cathode  and  a LlAlCl4'’SOCl2  electrolyte;  SOCl'^  acts  both  as  solvent 
and  as  cathode  active  material.  The  LI  anode  Is  prevented  from  reacting  with 
the  SOCI2  by  virtue  of  the  formation  of  a LlCl  protective  film  on  the  Li  as  soon  as 
It  contacts  Ae  LiAlCl4-SOCl2  electrolyte  according  to  the  reaction. 

LI  + SOCI2  ^ 2LiCl  + SO  (1) 

All  the  experimental  facts  (5)  available  to  date  suggest  the  reaction  (1)  as  the 
primary  cell  reaction.  The  bl-radlcal  SO  is  unstable  and  usually  dimerize  and 
then  decompose  to  S + SO2  according  to 


2SO 

> 

CM 

0 

(2) 

CM 

0 

> 

S + SO2 

(3) 

SO  may  undergo  other  possible  chemical  reactions  to  produce  other  by-products . 

The  object  of  this  program  is  to  develop  sealed  primary  llthlum-inorganlc 
electrolyte  "D"  size  cells  which  are  operable  and  storable  over  the  temperature 
range  -40  (-40®C)  to  160*F  (72® C).  Goals  of  150  WHr/lb  at  a 30  hr  rate,  with  peak 
power  density  of  50  W/lb  and  a capacity  degradation  of  less  than  10%  after  one 
month  of  storage  at  160®F  were  sought. 

We  carried  out  the  following  tasks  under  this  program. 

Task  I - Component  Capability  and  Design 

The  purpose  of  this  phase  of  the  program  Is  to  obtain  data  on:  (a)  material 
compatibility,  (b)  cell  optimization  with  respect  to  electrode  and  electrolyte 
composition  and  (c)  pressure  build-up,  all  of  which  are  necessar/  for  the  design 
of  the  "D"  cells. 

We  used  an  accelerated  test  for  the  material  compatibility  studies.  Also, 
we  used  a non-hermetic  'C  size  cell  for  the  optimization  and  the  pressure  build- 
up studies,  as  the  tooling  and  the  parts  needed  to  fabricate  this  cell  were  already 
available  in  the  laboratory. 

Task  n - Construction  of  Sealed  Portable  Battery  Cell  Prototype 

The  object  of  this  phase  of  the  program  was  to  develop  a D cell  and  to 
characterize  its  performance  capabilities  at  various  temperatures , fresh  and 
after  storage  at  temperatures  up  to  160°F  (72®C). 


We  chose  to  develop  a hermetically  sealed  D cell  with  a welded  top 
and  a G/M  seal  terminal  instead  of  a crimp  sealed  cell  because  of  the  chemically 
corrosive  and  physiologically  harmful  nature  of  the  SOCI2  vapor.  We  chose  to 
use  a Ni  can  instead  of  a stainless  steel  can  because  of  the  possible  contamina- 
tion of  Fe,  which  was  known  to  aggravate  the  voltage-delay  of  the  system.  We 
demonstrated  the  high  energy  density  capability  and  the  good  capacity  retention 
on  storage  of  these  hermetic  D cells. 

Task  III  - Study  of  Voltage-Delay  Problem 

We  showed  (4)  before  the  start  of  the  program  that  the  voltage-delay 
(a  phenomenon  of  instantaneous  voltage  depression  on  load  and  a slow  recovery) 
is  a potential  problem  with  this  systen  We  established  (4)  that  the  problem 
was  due  to  the  formation  of  LiCl  film  Oi^  Li,  a process  which  is  enhanced  by  the 
duration  and  the  temperature  of  the  storage.  The  object  of  this  task  was  to 
develop  ways  and  means  to  alleviate  the  problem.  We  pursued  both  an  empirical 
and  a phenomenological  approach  consisting  of  studying  the  morphology  and  the 
growth  rate  of  the  LiCl  film  on  Li  as  a function  of  the  various  electrolyte  variables , 
As  a result  of  this  study  we  were  able  to  alleviate  the  problem  to  an  extent  that 
the  cells  may  be  suitable  for  many  applications. 

Task  IV  - Safety  Studies.  Development  of  Protection  Against  Short  Circuit 
and  Thermal  Runaway 

The  hermetic  D cells  were  found  to  explode  on  short  circuiting  and  forced 
overdischarge  as  well  as  on  high  rate  discharge  and  on  storage  at  ambient  in 
a partially  or  completed  discharged  state.  The  object  of  this  task  was  to  develop 
ways  and  means  to  render  the  cells  safe  under  normal  use  and  abuse  conditions. 

We  pursued  both  physical  approaches  consisting  of  the  use  of  a low  pressure  vent 
and  the  chemical  approaches  consisting  of  DTA  (Differential  Themial  Analysis) 
and  exothermicity  studies  of  the  chemical  constituents  suspected  to  be  present 
in  fresh  and  partially  discharged  cell.  We  showed  that  it  was  possible  to  prevent 
cell  explosion  from  abuses  such  as  shorting  by  means  of  a low  pressure  vent. 
However,  we  do  not  know  how  to  prevent  explosion  from  abuse  such  as  voltage 
reversal  that  may  occur  in  a multi-cell  battery  or  from  normal  useage  such  as 
storage  at  ambient  in  a partially  discharged  state.  Future  work  should  focus 
on  making  the  cells  safe  under  these  two  conditions. 

We  completed  all  the  above  tasks  and  the  experimental  details  and  the 
results  are  described  here. 


n.  Task  I - Component  Capability  and  Design 


A.  Material  Compatibility  Studies 

This  work  was  designed  primarily  to  obtain  Information  on  the  chemical 
stability  of  the  cell  construction  materials  with  the  Inorganic  electrolyte , 1 .5(M) 
LiAlCl^-SOClo . Two  types  of  materials  were  examined:  (i)  Metallic  materials , 
for  use  on  ceU  can,  current  collectors,  cell  terminals  and  so  forth,  (ii)  Insulat- 
ing materials,  to  be  used  as  separators,  insulators,  sealants,  etc.  The  compati- 
bility of  the  materials  was  determined  qualitatively  by  an  accelerated  test  involv- 
ing refluxing  of  the  specimens  of  the  various  materials  in  1.5(M)  LiAlCl^-SOCl2 
electrolyte  at  a temperature  of  85<*C  (185°F)  for  approximately  one  month  followed 
by  a microscopic  examination  of  the  specimens  for  mechanical  degradation.  This 
test  condition  was  considered  to  be  severe  enough  so  that  the  materials  which 
passed  the  test  were  expected  to  withstand  the  storage  requirements  of  the  "D" 
cells . 


(a)  Experimental 

(i)  Materials:  Metallic  materials  were  procured  as  foil,  sheet 
and  tube  form  from  Uniform  Tube  Corporation.  Preliminary  test  tube  experiments 
in  our  laboratory  have  shown  that  metals  such  as  Cu,  Fe,  cold  rolled  steel  are 
unstable  in  this  electrolyte  even  at  25** C.  These  were  excluded  from  further  tests. 
It  was  also  observed  that  a metal  such  as  A1  was  stable  by  itself  in  the  inorganic 
electrolyte  at  25®C  but  corroded  severely  when  in  contact  with  carbon;  most  likely 
due  to  the  local  cell  reaction.  Ni  was  found  to  be  stable  even  in  contact  with 
carbon.  For  this  reason,  all  the  metallic  materials  were  spot  welded  to  a carbon 
electrode  on  Nl  grid  (these  are  identical  to  the  cathodes  used  for  the  "C"  size 
cells  described  later)  and  then  refluxed  in  the  inorganic  electrolyte. 

The  insulating  materials  were  tested  in  sheet,  nonwoven  fabric, 
and  molded  grommet  forms.  Several  types  of  rubbers  were  included  in  this  test. 

(ii)  Electrolyte:  LIAICI4  was  prepared  in  the  laboratory  by  melt- 
ing equimolar  mixture  of  pre-dried  LiCl  (Foote  Mineral)  and  AICI3  (Fluka,  iron 
and  water  free,  Columbia  Organic  Chemical  Co.)  in  argon  atmosphere  according 
to  a method  described  elsewhere  (1 , 6) . 

SOCI2  was  purified  by  distillation.  The  distilled  product  was 

colorless . 


The  1 .5(M)  solutions  of  LiAlCl^  in  SOCI2  were  prepared  by 
dissolving  pre-weighed  amounts  of  LiAlCl4  in  SOCI2  in  a volumetric  flask.  The 
electrolyte  solutions  were  colorless  to  very  light  amber  in  appearance. 
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(iii)  Refluxing  Set-up;  Refluxing  of  specimens  of  the  various 
materials  was  carried  out  in  pyrex  one  liter  round  bottom  flasks  fitted  with  a 
water  cooled  refluxing  condenser.  The  exit  tube  of  the  condenser  was  connected 
to  a glass  tube  (by  means  of  a "T"  Joint)  through  which  a stream  of  argon  was 
passed  continuously.  In  this  manner,  entry  of  air  into  the  flask  during  refluxing 
was  prevented.  Sufficient  amount  of  electrolyte  was  added  to  the  flask  to  ensure 
that  all  the  specimens  were  submerged  in  the  liquid . 

(iv)  Examination  of  the  Specimens:  At  the  completion  of  refluxing 
for  a definite  period  of  time,  the  specimens  were  removed  from  the  flask  and  were 
thoroughly  washed  with  water  to  remove  the  electrolyte.  These  were  examined 
under  a microscope  in  order  to  detect  any  sign  of  corrosion  or  any  form  of  physi- 
cal changes  that  could  occur  as  a result  of  chemical  reactions  with  the  electrolyte. 

(b)  Results  and  Discussion 


The  results  of  the  compatibility  tests  of  the  metallic  materials  are 
shown  in  Table  1 . It  appears  that  all  the  metals  and  alloys  tested  are  compatible 
with  the  inorganic  electrolyte  with  the  exception  of  Ni-clad  steel.  It  is  interest- 
ing to  note  that  the  steel  is  dissolved  from  the  exposed  edges  leaving  the  Ni  foil 
intact.  This  suggests  that  steel  may  still  be  used  in  this  system  provided  it  is 
completely  covered  with  nickel.  Nickel  plated  steel  cans  are  useable  for  short- 
term tests.  The  metals  and  alloys  as  shown  in  Table  I which  were  found  to  be 
stable  in  the  electrolyte  in  contact  with  the  carbon  cathode,  are  also  expected 
to  be  stable  in  contact  with  the  Li  anode  as  these  are  not  expected  to  undergo 
spontaneous  electrochemical  alloying  (7)  with  Li.  Therefore,  these  metals  and 
alloys  should  be  useable  as  current  collectors  for  both  the  Li  anod  e and  the  carbon 
cathode  for  the  inorganic  electrolyte  battery. 

The  results  of  the  compatibility  tests  of  the  insulating  materials  as 
shown  in  Table  2,  indicate  that  glass.  Teflon  and  Kel-F  are  the  only  materials 
that  are  stable  in  the  inorganic  electrolyte, 

Viton  rubber,  although  found  to  be  unstable  at  85°C,  was  found  to 
be  stable  at  25“C  for  30  days. 

B.  Optimization  Studies 

It  was  shown  by  several  workers  (I,  2,  4)  that  the  LiAlCl4-SOCl2  in- 
organic electrolyte  system  was  superior  to  other  known  oxychloride  systems  in 
terms  of  the  electrochemical  performance  of  the  experimental  battery.  Behl  et 
al  (1)  studied  a variety  of  carbon  blacks  as  the  substrate  for  the  cathode  and 
found  that  Shawinigan  Black  was  the  best.  Teflon  was  used  as  a binder  for  the 
carbon  black  cathode  and  was  found  to  be  compatible  with  the  inorganic  electro- 
lyte. We  showed  earlier  that  the  only  separator  material  that  was  stable  in  the 
system  was  the  glass  filter  paper.  Ni  was  found  to  be  a stable  current  collector 
material  suitable  for  both  the  Li  anode  and  the  carbon  cathode.  Based  on  this 
background  information,  we  chose  the  following  specific  system  for  the  optimiz- 
ation studies: 
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Li  anode,  SOCI2  solvent  and  depolarizer,  LiAlCl^  electrolyte  salt, 
Teflon  bonded  Shawinigan  Black  cathode  on  Ni  exmet  ana  glass  filter  paper 
separator. 

The  parameters  which  need  to  be  defined  in  the  above  system  are: 

1)  concentration  of  LIAICU 

2)  purity  or  source  of  LIAICI4 

3)  Teflon  content  of  the  Shawinigan  Black  cathode. 

Therefore,  the  optimization  studies  were  carried  out  with  respect  to  the  above 
three  parameters.  A factorial  matrix  was  set  up  using  three  levels  of  LiAlCl^ 
concentration,  two  sources  of  LlAlCl^  and  three  levels  of  Teflon  content.  This 
is  shown  in  Table  3 

The  test  vehicle  chosen  for  the  above  factorial  experiment  was  a "C" 
size  cell  for  which  most  of  the  hardware  and  the  tooling  was  already  available 
from  our  Li/S02  battery  programs.  At  least  4 cells  were  made  under  each  con- 
dition and  were  tested  at  currents  of  0.1,  0.3,  0.5  and  1.0  Amp.  All  the  cells 
were  designed  so  that  the  cathode  was  the  capacity  limiting  electrode.  The 
experimental  details  are  presented  below. 

(a)  Experimental 


(i)  Cell  Design:  A cut  out  view  of  the  "C"  cell  (OD  = 0.94", 

Ht.  = 2.00")  is  shown  in  Figure  1.  A Nl-plated  cold  rolled  steel  can  was  used 
as  a cell  container.  The  Li  anode  (7.5"  x 1.5"),  the  carbon  cathode  (8"  x 1.5") 
and  the  glass  filter  paper  separator  were  wound  into  a tight  roll  and  were  packaged 
in  the  cell  can.  The  electrode  terminals  in  tie  form  of  Ni  tabs  were  spot  welded 
to  the  cell  can  and  the  cell  top  respectively.  The  cell  top  comprised  a flat  Ni 
washer  with  a hole  at  the  center  vdaich  served  as  electrolyte  fill  port  and  as 
vent.  The  hole  was  closed  with  a viton  rubber  septum.  The  Ni  top  was  placed 

on  a viton  rubber  grommet  and  an  Ni  support  ring  which  was  placed  on  the  beaded 
inner  wall  of  the  cell  can,  and  the  cell  top  was  crimp  sealed. 

The  cells  were  filled  with  the  electrolyte  by  means  of  a hypo- 
dermic needle  which  was  pierced  through  the  rubber  septum.  The  cells  were 
evacuated  prior  to  the  electrolyte  filling.  A Ni  tab  was  spot  welded  on  the  cell 
top  to  keep  the  rubber  septum  in  position  during  discharge  when  the  cell  pressure 
increased.  If  an  abnormal  pressure  build  up  were  to  occur,  the  cell  would  vent 
through  the  hole  after  breaking  the  tab  under  high  pressure.  In  spite  of  this 
precaution,  of  two  cells,  one  cell  exploded  0.91  min.  after  deliberate  external 
shorting,  and  the  other  cell  vented  1.31  min.  after  the  shorting  test. 

(ii)  Li-Anode:  The  Li  anodes  were  made  from  0.022"  thick  Li 
foil  (Foote)  and  were  pressed  on  a Ni  grid. 

(iii)  Carbon-Cathode;  The  carbon  cathodes  were  made  by  pasting 
Shawinigan  Carbon  and  an  appropriate  amount  of  Colloidal  Teflon  (du  Pont)  in 
water  on  the  Ni  exmet  (Exmet  Corporation)  employing  the  facility  used  for  the 
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construction  of  carbon  cathodes  for  Li/S02  batteries.  The  electrodes  were 
vacuum  dried  according  to  the  method  described  by  Behl  et  al  (1).  Each 
cathode  was  weighed  and  the  weight  of  the  carbon  mix  was  controlled  within 
1.65  ±0.2  gm.  for  each  cell.  Ni  tabs  were  sp^jt  welded  to  one  end  of  the 
electrodes  prior  to  its  transfer  to  the  dry  box  'Vacuum  Atmosphere) . 

(iv)  Cell  Assembly;  The  cells  were  assembled  in  the  argon 
filled  dry  box  employing  pre-dried  glass  filter  paper  separators , the  carbon 
cathodes,  and  the  Li  anodes.  The  cells  were  removed  from  the  dry  box  after 
closing  them  with  the  rubber  grommeted  Ni  cell  top  and  were  immediately  crimped. 

(v)  Electrolyte:  Two  types  of  electrolytes  were  used  for  the 
optimization  studies:  (a)  as  prepared  in  our  laboratory  referred  to  as  LPS  electro- 
lyte, described  earlier;  and  (b)  as  prepared  from  LLAICI4  received  from  Foote, 
referred  to  as  Foote  electrolyte.  The  latter  type  of  electrolyte  was  prepared  by 
dissolving  known  quantities  of  Foote  LIAICI4  in  distilled  SOCI2.  The  color  of 
this  electrolyte  was  deep  piuple  and  it  left  an  organic  residue  on  the  glass 
vessels  after  it  was  washed  with  water.  The  chemical  composition  of  this 
residue  has  not  been  determined.  However,  it  is  soluble  in  CCI4.  The  LPS 
electrolyte,  on  the  other  hand,  was  colorless  to  light  amber  in  appearance  and 
did  not  leave  any  residue  on  the  glass  after  washing  with  water. 

The  electrolytes  were  stored  and  dispensed  from  an  all- 
glass (Pyrex)  system.  The  weight  of  electrolyte  added  to  each  cell  was  recorded 
and  was  controlled  to  within  20  ±2  gms, 

(vi)  Cell  Testing:  The  cells  were  tested  at  25° C within  8 hours 
of  cell  filling  at  constant  currents  of  0*1,  0.3,  0.5  and  1.0  A for  each  condi- 
tion of  cell  construction.  In  addition,  some  cells  were  tested  at  -30° C at 
0.3  Amp.  The  cell  potential  was  recorded  as  a function  of  time  and  the  cell 
capacities  were  determined  to  a 2.0  volt  cut  off. 

(b)  Results  and  Discussion 


The  results  of  the  factorial  experiments  are  presented  in  Table  4, 

The  first  4 cells  numbering  8,  19,  21  and  22  were  all  tested  at  0.5  A in  order 
to  check  the  variability  of  the  cell.  This  was  found  to  be  quite  satisfactory 
(standard  deviation  = 0.085  AHr).  The  capacities  of  the  cells  at  various  cur- 
rents are  shown  in  the  next  to  the  last  column.  The  capacities/gm.  of  carbon 
mix  in  the  cathode  were  also  calculated  and  are  shown  in  the  last  column. 

Typical  discharge  curves  of  the  "C"  cells  made  under  one  condition 
and  discharged  at  0.1,  0.3,  0.5  and  1.0  A are  shown  in  Fig.  2.  The  cells  showed 
very  flat  discharge  curves  and  no  voltage  delay.  This  was  expected  as  the  cells 
were  tested  within  eight  hours  of  cell  filling.  The  cell  capacity  was  chosen  as 
the  primary  response  in  the  factorial  experiments.  The  detailed  statistical 
analysis  of  the  data  are  available  in  the  first  quarterly  report  (19).  According 
to  the  analysis,  the  variables:  current  (1),  source  of  electrolyte  salt  (S) , 
electrolyte  concentration  (C)  and  Teflon  content  (T)  were  all  found  to  be  significant. 
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Among  the  possible  interactions  of  the  above  variables,  the  electrolyte 
source/electrolyte  concentration  interaction  was  found  to  be  the  most 
significant.  The  analysis  of  the  capaclty/gm.  of  carbon  data  yielded 
identical  conclusions.  The  optimum  cell  performance  was  realized  with 
1(M)  LPS  electrolyte  and  10%  Teflon  in  the  cathode. 

The  cell  capacity  (Q) -current  (I)  data  were  also  analyzed 
employing  a method  developed  by  Selim  and  Bro  (8)  where  the  capacity- 
current  data  were  fitted  to  the  equation: 


(4) 


Where  Q , B and  C are  empirical  constants  which  represent:  (Q  ) the 
maximum°cell  capacity,  (B)  the  purrent  below  which  the  capacity  begins 
to  decrease  rapidly  and  (C)  the  accommodation  coefficient  which  is  a 
measure  of  how  readily  the  battery  can  accommodate  high  discharge  rates. 
The  fit  of  the  experimental  Q-I  data  of  the  "C"  cells  made  under  the 
various  conditions  to  the  above  expression  was  found  to  be  satisfactory. 
The  efficacy  of  this  type  of  analysis  has  been  successfully  demonstrated 
for  all  types  of  commercial  batteries  (8)  including  the  LI/SO2  organic 
electrolyte  batteries  (9) . A few  typical  Q-Log  I plots  of  the  inorganic 
electrolyte  "C"  cells  are  shown  in  Fig.  3 through  Fig.  5.  Figure  3 
compares  the  Q-Log  I plots  of  cells  made  with  LPS  and  Foote  electrolytes 
with  10%  teflon  and  1(M)  electrolyte.  Figure  4 compares  the  cell  per- 
formance at  three  levels  of  Teflon  content  for  1(M)  LPS  electrolyte  and 
Figure  5 shows  the  cell  performance  at  three  concentrations  of  LPS  elec- 
trolyte with  10%  Teflon  content  in  the  cathode. 

The  general  conclusions  are  as  follows: 

(i)  The  optimal  cathode  composition  is  90%  carbon  with 
10%  Teflon  binder  by  weight,  and 

(ii)  The  optimal  electrolyte  concentration  is  l.OM  LiAlCl^ 
prepared  in  the  Laboratory  by  melting  anhydrous  LiCl  and  AlCl,  (LPS  type) . 

The  above  conclusions  were  based  on  the  performance  of 
the  fresh  "C"  cells  tested  at  25® C.  Whether  the  conclusion  will  be  valid 
for  tests  at  temperatures  other  than  25® C and  for  storage  under  various 
temperatures  is  yet  to  b^  determined. 

No  attempt  has  been  made  to  analyze  the  limited  amount 
of  data  available  for  the  low  temperature  (-30® C)  performance  of  the  cells. 
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c. 


Pressure  Build-Up  Studies 


The  purpose  of  this  study  was  to  determine  the  internal  pressure 
which  was  generated  during  the  discharge  of  the  cells  in  order  to  design  a 
structurally  sound  "D"  cell  which  would  be  able  to  withstand  such  pressures 
without  mechanical  rupture. 

(a)  Experimental 

The  "C"  cells  made  for  the  optimization  studies  were  modified 
as  shown  in  Figure  6.  The  modified  "C"  cells  had  an  aluminum  top  (5) 
which  was  electrically  insulated  from  both  the  anode  and  the  cathode  and 
acted  as  a built-in  reference  electrode.  The  rubber  septum  (3)  was  tightly 
held  in  the  aluminum  top  so  that  it  provided  a good  seal.  The  Ni  wire  (4) 
passing  through  the  rubber  septum  acted  as  a terminal  of  the  battery.  The 
cell  bottom  was  drawn  to  form  a protrusion  (10).  A male  nut  (8)  was 

soldered  around  the  protrusion.  A "tap  a can"  valve  (12)  with  a pressure 

gauge  (11)  was  attached  to  the  cell.  All  these  parts  were  nickel  plated 

both  inside  and  out.  After  the  discharge  of  the  cells,  they  were  inverted 

before  the  needle  valve  knob  (9)  was  turned  to  puncture  the  protrustion  of 
the  cell,  thereby  connecting  the  pressure  gauge  with  the  cell  i.nterior. 

This  particular  set-up  was  designed  to  prevent  exposure  of  the  standard 
commercially  available  pressure  gauges  to  the  corrosive  cell  electrolyte  during 
the  discharge  of  the  cells. 

Three  cells  were  made  according  to  the  above  design  and  were 
discharged  at  0.5  A to  2.0  volt  cutoff  at  temperatures  of  56®,  25®,  and  -30° C, 
and  internal  cell  pressures  were  measured  at  25® C. 

(b)  Results  and  Discussion 


The  results  are  shown  in  Table  5.  The  gauge  pressure  of  the 
cells  increased  with  an  increase  in  the  temperature  of  discharge.  The  inter 
al  void  volume  of  the  "C"  cells  was  approximately  3 cc  and  the  measured 
internal  volume  of  the  pressure  gauge,  the  valves  and  the  connecting  tubes, 
was  5 cc.  If  the  pressure  is  due  to  SO2  generated  during  the  cell  discharge 
according  to  the  cell  reaction 

4Li+2SOCl2  — > 4LiCl+S+S02  (5) 

the  actual  cell  pressure  will  be  only  slightly  higher  than  the  gauge  pressure 
and  the  maximum  pressure  will  be  the  pressure  of  liquid  SO-  at  25° C which 
is  approximately  55  PSI.  From  the  point  of  view  of  designing  "D"  cells 
which  can  withstand  such  pressure,  we  do  not  anticipate  any  unusual 
problems,  since  the  existing  organic  electrolyte  batteries  that  are  being 
manufactured  by  P.  R.  Mallory  are  capable  of  withstanding  several  hundred 
PSI  before  any  cell  venting . We  plan  to  incorporate  available  Mallory 
technology  in  the  inorganic  electrolyte  "D"  cell  design. 
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D. 


General  Conclusions  from  Task  I. 


The  activities  under  Task  I were  completed  on  schedule.  Based 
on  the  results,  we  made  the  following  choice  of  materials  of  cell  construc- 
tion and  the  cathode  and  electrolyte  compositions  for  the  "D"  cells  to  be 
designed  and  constructed  under  Task  II. 


Material  for  "D"  cell  Can  and  Top: 
Material  for  Cathode  Collector: 
Material  for  Anode  Collector: 
Material  for  Separator: 

Terminal  Insulation: 


Nickel 

Nickel 

Nickel 

Glass  filter  paper 

Glass  to  Metal  Hermetic 
Seal  Terminal 


Cell  Closure  Means:  Welding 

Electrolyte:  IMLIAICI^  LPS  Electrolyte 

Cathode  Composition:  90%  carbon  with  10%  Teflon 

binder  by  weight 

We  chose  a hermetic  structure  for  the  "D"  cell,  instead  of  a crimped 
seal  structure  because  of  the  non-hermeticity  of  the  crimped  type  elastomeric 
seals  and  the  possible  danger  of  slow  leakage  of  physiologically  harmful 
and  chemically  corrosive  SOCl.  vapor.  The  only  plastic  material  that  Is 
stable  with  the  system  is  Teflon  (also  Kel-F)  which  is  not  elastomeric  in 
nature.  Hence,  the  crimped  seal  with  the  teflon  gaskets  are  liable  to 
leak  due  to  the  deformation  of  the  Teflon  gasket  under  stress  and  subsequent 
flow. 


Therefore,  the  only  reasonable  choice  for  the  inorganic  electrolyte  "D"  cell 
design  is  a hermetic  glass-to-metal  seal  terminal  with  welded  top. 
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III.  Task  II  - Construction  of  Sealed  Portable  Battery  Cell  Prototypes 

The  essential  purpose  of  this  task  is  to  design,  construct  and  evaluate  ^ ^ 

sealed  practical  cells  under  a variety  of  drains,  temperatures  of  operation 
and  storage  conditions  in  order  to  define  the  capabilities  as  well  as  the 

limitations  of  the  Li/SOCl-  inorganic  electrolyte  system.  The  "D"  size  cell  _ I 

was  selected  by  ECOM  as^a  vehicle  to  accomplish  the  above.  We  took 

the  following  precautions  in  the  design  of  the  D cells.  | 

i - 
1 

(i)  Compatible  materials  were  used  for  the  construction  of  | ; 

the  cell.  The  compatibility  (19)  was  determined  by  refluxing  the  cell  j ■ 

construction  materials  in  the  inorganic  electrolyte  (1.5  M LiAlCl^-SOCl-) 

at  85® C for  one  month  followed  by  examination  of  the  materials  as  well 
as  the  electrolyte  for  any  sign  of  degradation.  Based  on  these  studies, 

Ni  was  chosen  as  the  material  for  cell  can,  cell  top  and  the  current 
collectors  for  the  Li  anode  and  the  carbon  cathode.  Glass  filter  paper  was 
chosen  as  the  separator  material. 

(ii)  The  cell  was  designed  to  be  truly  hermetic  as  determined 
by  the  Veeco  helium  leak  detector.  We  considered  the  hermeticity  of  the 
cells  to  be  essential  because  of  (a)  the  toxic  and  the  corrosive  nature  of 
SOCI2  and  (b)  the  possible  ambiguity  of  the  cell  evaluations  if  leakage  of 
SOCI2  from  the  cell  or  of  air  into  the  cell  were  to  occur.  Glass-to-metal 
seals  and  welding  were  used  to  close  the  cells. 

V 

I 

(iii)  The  electrodes  were  designed  with  as  large  an  area  as  | 

possible  to  keep  the  current  density  as  low  as  possible  under  any  drain  of 

the  cell . According  to  our  earlier  studies  (4)  we  found  that  the  voltage 

delay  of  the  inorganic  electrolyte  C cells  after  high  temperature  storage  i 

was  more  severe  at  the  higher  current  density  than  at  the  lower  current 
density.  Therefore,  the  highest  electrode  area  was  expected  to  result  in 

the  least  voltage  delays  under  comparable  conditions  of  storage  and  discharge.  ' : 

5 ! 

A.  The  Design  and  Construction  of  the  Hermetic  "D"  Cell  ! 

The  cross  sectional  view  of  the  Hermetic  "D"  cell  design  is  shown  \ 

in  Figure  7.  The  cell  uses  a wound  type  of  electrode  configuration  as  in  1 ; 

the  "C"  cell.  The  physical  dimensions  of  the  electrodes  which  were  chosen  ‘ j 

based  on  our  experience  with  the  Li/S02  "D"  cells  are  as  follows: 


Carbon  Cathode: 

20" 

X 1.75";  0.019" 

thick 

1 ! 

j 

Li  anode: 

20" 

X 1.50";  0.017" 

thick 

:i 

The  wound  electrode  assembly  is  packaged  in  the  Ni  can  (OD:  1.297", 
L;  2.375",  wall:  0.019")  and  the  electrode  tabs  are  spot  welded  to  the  cell 
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can  and  the  tube  feedthrough  of  the  G/M  Seal,  which  Is  pre -welded  at 
the  center  of  the  N1  can  top.  The  Ni  cell  top  is  welded  to  the  N1  can 
in  the  Dry  Box.  The  cells  are  evaculated  through  the  tube  feedthrough 
and  are  filled  with  electrolyte  from  an  all  glass  (Pyrex)  container.  After 
the  electrolyte  filling,  the  tube  feedthrough  is  closed  by  welding.  The 
cell  is  hermetically  closed  at  this  stage  and  is  ready  for  the  discharge 
and  storage  tests.  Normally,  the  contact  structure  shown  in  Fig.  7 is  not 
attached  to  the  cells  made  for  our  evaluation.  Electrical  connections  are 
made  directly  to  the  cell  can  and  the  tube  feedthrough. 

A photograph  of  a finished  "D"  cell  and  the  electrode  assembly  are 
shown  in  Fig.  8.  The  hermeticity  of  all  the  cells  were  checked  using  a 
Veeco  helium  leak  detector  prior  to  the  electrolyte  filling.  The  effective- 
ness of  the  final  cell  closure  by  welding  of  the  tube  feedthrough  was  checked 
under  a microscope  and  these  were  found  to  be  excellent.  In  addition,  all 
the  cells  were  weighed  before  and  after  the  electrolyte  filling  as  well  as 
before  testing,  in  order  to  ensure  the  total  hermeticity  of  the  cells.  All 
the  cells  tested  were  found  to  be  hermetic  and  exhibited  no  electrolyte  loss 
under  all  the  conditions  of  storage  tests. 


In  order  to  maintain  a minumum  variability  of  the  "D"  cell  performance, 
we  kept  the  following  parameters  constant  within  the  specified  limits  for 
all  the  "D"  cells  made  for  fresh  and  storage  tests. 


Cathode  Composition;  90%  Shawinigan  Carbon;  10%  Teflon 


Electrolyte  Composition;  1.0  (M)  LIAICI^  in  distilled  SOCI2 

The  electrolyte  solution  has  the  same  appearance  as  distilled  SOCI2 
which  is  very  light  amber  to  colorless. 


LiAlCl^;  Made  from  pre -dried  LiCl,  and  iron 

and  water  free  (Fluka)  AlCl^  by  melting 
to  a nearly  colorless  liquid.'*  The 
possible  moisture  contamination  of  the 
Salt  is  virtually  eliminated  by  this 
melting  process. 


Electrolyte  Weight/D  Cell; 
Weight  of  Carbon  D Cell; 
Weight  of  Finished  D Cell: 


45  + 5 gm 
5.1  ±0.75  gm 
100  ± 5 gm 


B.  Test  Program  for  the  Shelf  Life  Evaluation  of  the  "D"  Cells 


We  tested  "D"  cells  at  constant  current  of  0.1,  0.25,  0.5,  1.0  and 
3.0A  at  temperatures  of  25®C,  -30®C  and  -54®C  in  order  to  determine  the 
performance  profile  of  the  fresh  cells. 


11 


t 


Thereafter,  we  stored  the  cells  at  temperatures  ranging  from  25" C 
to  72® C for  various  periods  of  times  ranging  from  1 week  to  2 years  and 
tested  the  cells  at  25®C  and  at  -30®C  at  currents  of  0.25,  1.0  and  3.0A. 
The  storage  and  test  sche'^ules  are  shown  below. 


Storage 

Temperature 

(®C) 

Storage 

Durations 

Test 

Temperature 

m 

Test 
Current 
_fA) 

Total 
No.  of 
Cells 

1 week 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

72®C 

2 weeks 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

1 month 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

3 months 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

2 weeks 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

55®C 

1 month 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

3 months 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

6 months 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

1 month 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

45®C 

3 months 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

6 months 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

1 year 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

3 months 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

25®C 

6 months 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

1 year 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

2 years 

25, 

-30 

0.25, 

1.0, 

3.0 

6 

We  monitored  the  initial  cell  voltage-time  characteristics  of  each  cell 
on  load  using  a high-speed  brush  recorder  in  order  to  determine  the  time  taken 
for  the  cell  voltage  to  recover  to  2.0  volt  from  a lower  initial  voltage.  This 
time  is  defined  as  voltage  delay.  Fresh  cells  normally  do  not  show  any 
voltage  delay  since  the  initial  cell  voltage  remains  above  2.0  volt  on  load. 
The  voltage  delay  occurs  as  a result  of  storage  and  according  to  our  experi- 
ence, (4)  this  is  symptomatic  of  the  soluble  depolarizer  systems,  such  as 
Li/SOCl,.  We  anticipate  this  voltage  delay  to  be  one  of  the  limitations  of 
this  system  and  therefore,  we  plan  to  ascertain  the  degree  of  severity  of  the 
problem  for  the  hermetic  Li/SOCl2  "D"  cells  as  reliably  as  possible. 
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Results 


(a)  Fresh  Tests 

Five  cells  were  tested  fresh  at  25® C,  -30° C and  -54°  C at 
currents  of  0.1,  0.25,  0.5,  1.0  and  3.0A. 

The  25°C  discharge  curves  of  the  D cells  are  shown  in  Fig.  9. 
The  cells  did  not  show  any  voltage  delay  and  the  cell  capacities  decreased 
with  increasing  drain  as  expected.  The  cell  capacity  versus  current  plots 
are  shown  in  Fig.  10.  It  is  noted  that  the  cell  capacity  remained  relatively 
unchanged  up  to  0.25A  and  it  began  to  decrease  significantly  above  l.OA. 
The  limiting  capacity  of  the  cell  or  the  maximum  capacity  of  the  cell  as 
obtained  by  extrapolation  to  very  low  currents,  was  approximately  12AHr. 
The  capacity  realized  at  l.OA  drain  was  still  10.5AHr,  thus  Indicating 
a significantly  high  rate  capability  of  the  cell.  The  apparent  current 
densities  based  on  the  geometric  surface  area  of  both  sides  of  the  carbon 
cathode  corresponding  to  the  various  drains  are  as  follows: 


Drain 

Cathode 

(Amps) 

Current  Den 
(mA/cm2) 

0.1 

0.22 

0.25 

0.55 

0.50 

1.10 

1.0 

2.20 

3.0 

6.60 

These  are  moderate  current  densities  for  a soluble  depolarizer  system 
even  at  a drain  as  high  as  lA  for  the  D cell. 

Five  cells  were  tested  fresh  at  -30° C after  a two-hour  stand 
at  -30° C.,  at  currents  of  0.1,  0.25,  0.5,  1.0  and  3.0A.  The  discharge 
curves  are  shown  in  Fig.  11.  All  the  cells  showed  a sharp  drop  of  voltage 
on  load  and  a relatively  fast  recovery  followed  by  a slow  recovery  of  the 
cell  voltage.  The  voltage  delay  was  more  severe  at  higher  current.  It 
is  evident,  that  even  the  fresh  cells  tend  to  exhibit  the  voltage  delay 
phenomenon  at  -30° C particularly  at  high  drains;  whereas,  they  do  not  at 
25° C.  Furthermore,  the  voltage  regulation  as  well  as  the  cell  capacities 
were  considerably  inferior  at  -30° C,  particularly  at  drains  of  0.25A  or 
higher,  as  shown  in  Fig.  11.  The  end  points  were  very  poorly  defined 
and  the  discharge  curves  showed  more  than  one  plateau. 
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A batch  of  D cells  was  tested  at  -54° C at  currents  of  0.1,  0.25, 
0.5,  1.0  and  3.0A  and  the  discharge  curves  are  shown  in  Fig.  12.  The 
cell  performance  at  -54° C appeared  to  be  similar  to  that  at  -30° C.  This 
may  be  seen  from  Fig.  10,  where  the  cell  capacities  are  plotted  against 
the  discharge  currents  for  the  various  temperatures. 

The  fresh  cells  showed  a voltage  delay  at  -54° C just  as  they 
did  at  -30° C.  The  voltage  delays  were  quite  severe  at  high  currents. 

For  example,  at  0.5A,  the  cell  voltage  dropped  to  1.0  volt  and  it  took 
115  seconds  for  the  cell  voltage  to  recover  to  2.0  volt.  At  3A  the  cell 
voltage  became  negative  and  remained  negative  for  50  seconds' and  it 
took  more  than  1000  seconds  for  the  cell  voltage  to  rise  above  2.0  volt. 
Thus,  the  voltage  delay  phenomenon  exists  even  for  the  freshly  made 
cells  if  the  cells  are  discharged  low  temperatures  (-30°  or  lower)  and 
at  drain  rates  of  0.5A  (1.1  mA/cm^)  or  higher. 

3 

The  energy  densities  (WHr/lb  and  WHr/in  ) of  the  D cells 
are  plotted  as  a function  of  the  power  density  (W/lb)  and  are  shown  in 
Fig.  13.  The  superiority  of  the  system  in  terms  of  energy  density  is 
clearly  shown. 

All  the  fresh  test  results  are  tabulated  in  Table  6. 

(b)  Storage  Tests 

The  D cells  were  routinely  tested  at  constant  currents  of  0.25, 

1.0  and  3.0A  at  25° C and  at  -30° C after  each  storage  interval  at  the 
respective  temperatures.  The  tests  included  monitoring  of  the  initial 
voltage-time  profile  on  load  on  a high-speed  brush  recorder  to  determine 
the  time  taken  for  the  cell  voltage  to  recover  to  2.0  volt  from  the  initial 
lower  voltage.  Thereafter,  the  cell  voltage  was  monitored  as  a function 
of  time  in  order  to  determine  the  cell  capacity  to  2.0  volt.  The  test 
circuitry  was  designed  to  cut  off  the  current  to  the  cell  as  the  cell  voltage 
reached  1.0  volt  thus  preventing  any  overdischarge  of  the  cell. 

(i)  72°  C Storage 

The  test  results  after  the  various  storage  periods  up  to 
3 months  at  25°  and  -30° C tests  after  4 weeks  of  storage  are  shown  in 
Figures  14  and  15  respectively. 

The  voltage  delay  has  been  arbitrarily  defined  as  the  me 
(seconds)  taken  for  the  cell  voltage  to  reach  2.0  volt  after  the  initial 
instantaneous  voltage  drop.  It  is  shown  in  the  sixth  column  of  Table  7. 

The  initial  drop  in  cell  voltage  on  load  is  shown  in  the  fifth  column. 
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It  is  noted  that  the  voltage  delay  varies  from  less  than  a second  to 
thousands  of  seconds  depending  upon  the  length  of  the  storage,  the  test 
temperature  and  the  test  current.  It  appears  that  for  storage  durations 
of  4 weeks  or  less,  the  voltage  delay  is  quite  moderate  at  the  0.25A 
test  current  both  at  25®  and  -30®C.  However,  this  is  no  longer  true 
after  3 months  of  storage  at  72® C;  the  voltage  delay  is  severe  at  all 
currents.  The  general  worsening  of  the  delay  with  Increasing  current 
and  decreasing  test  temperature  is  evident. 

A plot  of  the  realized  cell  capacity  at  the  various  currents 
at  25®  and  -30®C,  after  various  periods  of  storage  at  72®C  is  shown  in 
Fig.  16.  The  capacity  retention  at  the  low  rate  (0.25A)  of  discharge  at 
25® C is  good  even  after  3 months  of  storage  at  72®C.  However,  the 
capacity  losses  are  quite  significant  at  high  rates  (lA  and  3A)  of  discharge. 
This  indicates  a lessening  of  the  rate  capability  of  the  system  with  the 
duration  of  storage  rather  than  an  intrinsic  loss  of  the  cell  capacity. 

The  capacity  retention  appears  to  be  particularly  poor  at  -30® C,  the  cells 
lose  capacity  progressively  with  an  increasing  storage  period  at  all  currents. 
This  may  be  attributed  to  a loss  of  the  rate  capability  of  the  system  which 
is  further  reduced  by  the  lowering  of  the  test  temperature  (-30®  C). 

(ii)  55®  Storage 

The  cell  discharge  data  after  the  various  periods  of  storage 
up  to  six  months  at  55® C are  tabulated  in  Table  8.  The  cell  capacity 
versus  storage  duration  plots  are  shown  in  Fig.  17. 

The  voltage  delays  became  increasingly  severe  with  an 
increasing  storage  duration,  but  significantly  less  than  that  after  72® C 
storage.  It  is  interesting  to  note  that  although  the  voltage  delay  was 
quite  severe,  there  was  no  significant  capacity  loss  at  25®C  on  a 0.25A 
discharge  after  storage  for  six  months  at  55® C.  The  intrinsic  capacity 
of  the  cell  remains  unchanged  on  storage;  only  the  rate  capability  of 
the  cells  is  reduced. 

(ill)  45°  C Storage 

The  test  results  after  the  various  periods  of  storage  up 
to  one  year  at  45® C are  shown  in  Table  9.  The  capacity  versus  storage 
duration  plots  are  shown  in  Fig.  18.  In  general,  the  cells  maintained 
their  intrinsic  capacity  well  even  after  1 year  of  storage  at  45®  C.  The 
voltage  delay,  though  severe  at  high  rates,  was  absent  at  0.25A  at  -30°C 
even  after  1 year  at  45® C. 
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(iv)  25°  Storage 

The  test  results  are  summarized  in  Table  10  for  the  storage 
up  to  two  years  at  25° C.  The  capacity  retention  plots  are  shown  in 
Fig.  19.  Unfortunately,  the  data  at  0.25A  on  25° C discharge  after  2 
V ars  of  storage  are  lost  because  of  a malfunction  of  the  test  equipment. 
However,  the  capacity-storage  time  plots  for  l.OA  test  indicate  that  the 
intrinsic  capacity  of  the  cells  most  likely  remained  virtually  intact. 

There  was  certainly  no  capacity  loss  after  1 year.  The  voltage  delays 
did  become  severe  after  2 years  of  storage,  but  there  was  no  delay  at 
25°C  for  0.25A  test.  After  2 year’s  storage,  and  at  -30°C  test,  the 
cell  voltage  never  recovered  above  2.0  volt.  This  is  most  liekly  due 
to  the  insufficient  conductivity  of  the  anode  film. 

D.  Conclusions 


The  unoptimized  hermetic  Li/SOCl.  D cells  are  capable  of  delivering 
energy  densities  in  excess  of  100  WHr/lb  at  power  densities  of  30  W/lb, 
at  room  temperature,  with  excellent  voltage  regulations.  At  lower  temp- 
eratures (-30°  and  -54° C)  both  the  energy  density  (at  any  power  density) 
and  the  voltage  regulation  deteriorates,  giving  rise  to  multiple  voltage 
plateaus . 

The  cells  experience  severe  voltage  delays  after  storage,  the 
severity  of  which  increases  with  increased  storage  temperature,  increased 
storage  duration,  decreased  test  temperature  and  increased  test  current. 

The  cells  exhibit  no  significant  loss  of  stoichiometric  capacity  on 
storage,  only  the  rate  capability  of  the  cells  are  reduced. 
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IV.  Task  III,  Study  of  Voltage  Delay  Problem 


We  first  pursued  an  intuitive  empirical  approach  consisting  of  partial 
discharge  and  constant  current  pulsing  for  alleviating  the  voltage  delay 
after  72° C storage  and  -30° C tests.  The  results  are  discussed  here. 

We  then  pursued  a phenomenological  approach  consisting  of  studying  the 
morphology  and  the  growth  characteristics  of  the  Li  anode  film,  the  cause 
of  the  voltage  delay  problem,  in  an  effort  to  establish  a cause  and  effect 
relationship  between  the  electrolyte  variables,  the  Li  anode  film  growth 
characteristics  and  the  voltage  delay.  The  experimental  details  and 
the  results  are  presented  here. 

A.  The  Empirical  Approach;  Effect  of  Partial  Discharge,  72° C Storage 

(a)  Experimental 

We  made  a group  oi  Li/SOCl-  D cells  with  20"  x 1.75"  carbon 
cathodes  and  Li  anodes  and  1(M)  LlAlCi  -SOCK  electrolyte  and  stored 
them  at  72° C for  one  month.  Then  we  determined  the  voltage  delay  of 
these  cells  at  -30°C  at  currents  of  0.25,  1.0  and  3.0A  and  partially 
discharged  (0 .3-0 .5A.Hr)  the  cells  and  returned  them  to  72°C  storage. 

The  cells  were  then  tested  again  after  the  second,  third  and  the  sixth 
month  of  storage  at  0.25,  1.0  and  3.0A  at  -30° C to  determine  the  voltage 
delay,  if  any,  without  any  significant  drain  in  capacity. 

After  the  sixth  month  storage  at  72° C,  we  first  determined  the 
voltage  delay  of  the  cells  at  -30°  C and  then  completely  discharged  all 
except  two  cells  at  0.25,  1.0  and  3.0A.  We  tested  two  cells  at  25° C 
at  a constant  current  of  0.25A  in  order  to  determine  the  intrinsic  capacity 
of  the  cells.  The  results  are  described  below. 

(b)  Results  and  Discussion 


The  results  are  summarized  in  Table  11.  The  three  cells  tested 
at  0.25A,  all  showed  no  voltage  delay  even  after  six  months  of  storage 
at  72°C  and  tests  at  -30°C.  The  cells  also  retained  their  capacities 
well  as  determined  by  disci  arging  one  cell  at  -30°  C (5AHr)  and  two  cells 
at  25°C  (11.2,  8.2AHr). 

Of  the  three  cells  tested  at  l.OA,  one  cell  was  accidentally 
lost  after  the  first  month,  one  cell  showed  no  voltage  delay  up  to  3 
months  of  storage  at  72°  C and  tests  at  -30°  C and  the  third  cell  showed 
significant  voltage  delays  even  after  the  first  month.  Both  the  cells 
became  completely  Inoperable  after  the  sixth  month  of  storage. 
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All  the  three  cells  tested  at  3.0 A,  showed  voltage  delays 
from  the  first  to  the  third  month  of  storage  and  became  virtually 
inoperable  at  -30° C after  the  sixth  month  of  storage. 

(c)  Conclusion 

We  conclude  that  partial  discharge  coupled  with  intermittent 
anodic  pulsing  decreases  the  severity  of  the  voltage  delay.  It  is 
interesting  to  note  that  such  conditioning  did  not  lead  to  any  drastic 
loss  of  the  intrinsic  capacity.  However,  the  low  temperature  voltage 
delay  is  still  quite  substantial  at  high  rates.  It  is  not  clear  which 
of  the  two  factors,  partial  discharge  and  intermittent  anodic  pulsing, 
is  responsible  for  the  improved  voltage  delay  characteristics. 

B.  The  Phenomenological  Approach:  SEM  Studies  on  the  Li  Anode 

Film  in  the  Inorganic  Electrolytes 

We  showed  earlier  (4)  that  the  voltage  delay  of  the  Li/SOCl2 
inorganic  electrolyte  cells  was  due  exclusively  to  the  Li  anode  wnich  was 
covered  by  a protective  film.  We  found  this  film  to  consist  primarily 
of  LiCl  crystals.  The  thickness  of  the  film  increased  with  an  increasing 
storage  duration  and  an  increased  storage  temperature  giving  rise  to  more 
and  more  severe  voltage  delays.  We  believe  that  the  instantaneous  drop 
of  the  cell  voltage  on  load  is  caused  by  the  protective  film.  Initially, 
anodic  dissolution  of  Li  is  highly  localized  and  occurs  at  pinholes  and 
other  imperfections  of  the  protective  film.  Probably,  the  film  is  dis- 
lodged mechanically  or  fractured  when  sufficient  Li  has  dissolved  under- 
neath the  film.  This  gives  rise  to  the  voltage  recovery.  SEM  examina- 
tions of  the  Li  anode  surface  before  and  after  the  anodic  pulse  showed 
this  clearly  (4).  Based  on  this  model  of  the  voltage  delay  process,  it 
appears  that  both  the  morphology  and  the  thickness  of  the  protective 
film  may  have  an  Important  effect  on  the  voltage  delay  characteristics  of 
the  system. 

We  demonstrated  earlier  (4)  the  usefulness  of  the  SEM  technique 
for  studying  the  Li  anode  film,  and  we  have  continued  to  use  this  technique. 
Our  primary  objective  is  to  examine  the  effect  of  the  electrolyte  variables 
on  the  Li  anode  film  that  is  visible  at  moderate  SEM  magnifications  (100- 
1000). 

We  found  earlier  (10)  that  the  film  growth  on  Li  in  SOCl-  alone  is 
substantially  less  than  in  1.8(M)  LiAlCl.-SOCl  , as  may  be  seen  from 
Fig.  20  and  21  which  shows  Li  surfaces^ exposed  to  1.8(M)  LiAlCl  - 
SOCI2  at  55°  C for  590  hrs  and  to  distilled  SOCI2  at  78°  C for  624^hours, 
respectively.  LiAlCl^  appears  to  participate  actively  in  promoting  the  film 
growth.  The  concentration  of  LiAlCl^  would  be  expected  to  affect  the 
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rate  of  film  growth  in  the  sense  that  a lower  salt  concentration  will 
lessen  the  voltage  delay.  We  planned  to  study  the  growth  of  the  Li 
film  in  0.5{M)  and  0.25(M)  LiAlCl.-SOCl,  solutions  at  72»,  55“  and 
25‘>C. 


The  other  variables  we  were  interested  in  examining  included  the 
common  electrolyte  impurities  such  as  H2O  and  A1C1-.  The  latter  is 
used  in  preparing  LiAlCl^  and  is  highly  soluble  in  SOCU*  A finite 
amount  of  the  above  impurities  are  thought  to  be  present  in  even  the 
purest  electrolytes.  The  electrolytes  prepared  in  our  laboratory  normally 
contain  less  than  10  ppm  H^O  according  to  our  analysis.  It  is  of 
interest  to  determine  the  effect  of  higher  (0.01  and  0.1%)  water  content 
on  the  Li  film.  The  amount  of  free  AlCl-  in  LIAICI.  is  not  known. 

We  planned  to  add  1%  and  10%  by  weight  of  AlCL  to  the  regular 
1(M)  LlAlCl^-SOCl2  electrolyte  and  determine  their  affect  on  the  Li 
film  formation. 

The  substances  formed  during  discharge  or  from  the  spontaneous 
decomposition  of  SOCI2  were  odier  electrolyte  variables  that  we  were  in- 
terested in  examining.^  SO2  and  S2CI2  are  the  two  examples  of  the 
above  type.  We  chose  to  use  approximately  10%  by  weight  of  these 
chemicals  in  the  regular  1(M)  LiAlCl.-SOCl^.  electrolyte.  SO2  is  known 
to  react  with  Li  to  form  a protectlve^film.  ^The  chemical  composition 
of  the  film  is  most  likely  Li2S20^.  In  SOCl2»  the  Li  anode  film  is 
composed  of  LlCl.  It  is  01  interest  to  determine  whether  there  is  a mixed 
film  when  Li  is  kept  in  a mixture  of  SO„  and  SOCl-.  The  presence  of 
other  film  forming  materials  such  as  ^2820^  may  also  affect  the  morphology 
of  the  LiCl  film.  It  is  of  Interest  first  all  to  determine  whether  there 
is  any  effect  on  the  film  as  seen  by  SEM,  and  next,  to  determine  whether 
or  not  this  leads  to  a better  voltage  delay  characteristic  in  the  actual  cells. 

At  the  very  early  stages  of  our  investigation  (11)  we  found  that 
electrolyte  impurities  such  as  iron  to  be  harmful  to  the  storability  of  the 
system.  This  might  be  due  to  the  shuttling  effect  of  iron  which  may 
deposit  on  Li  and  set  up  a local  cell  action  and  subsequently  redissolve 
in  the  electrolyte.  We  found  that  it  was  not  possible  to  protect  iron 
cathodically  by  Li  metal  in  the  LIAICI^-SOCU  electrolytes.  For  this 
reason,  we  chose  (12)  an  all  nickel  can  for  the  D cell.  Our  earlier 
(11)  observations  were  confirmed  by  workers  at  GTE  (13)  who  used  nickel 
plated  steel  cans  as  cell  containers.  Accordingly,  the  voltage  delays 
observed  by  them  were  considerably  more  severe  than  that  observed  by 
us.  These  types  of  impurities  were  not  Included  in  the  present  study. 
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The  experimental  details  and  the  results  are  described  below. 

(a)  Experimental 

The  Li  anode  films  were  formed  by  immersing  Li  specimens  in 
inorganic  electrolytes  having  various  compositions,  and  the  surface  of  the 
specimens  was  examined  in  the  Scanning  Electron  Microscope  (SEM) . The 
Li  specimens  were  made  by  pressing  Li  discs  (OD:  0.5")  on  a stainless 
steel  stud  on  which  a layer  of  expanded  Ni  was  prewelded  as  shown  in 
Fig.  22.  The  Li  specimens  were  stored  in  the  various  inorganic  electrolytes 
in  a glass  jar  with  a screw-cap  cover  with  a teflon  washer.  These  con- 
tainers were  stored  at  25° C,  55°  and  72° C.  The  Li  specimens  were 
removed  from  the  glass  jars  at  various  intervals  and  were  examined  in 
the  SEM  after  they  had  been  washed  juickly  in  distilled  propylene 
carbonaie  to  remove  LiAlCl..  The  effectiveness  of  the  seal  and  the 

4 

transfer  operations  were  checked  by  measuring  (14)  the  moisture  content 
of  the  electrolyte  stored  in  a similar  jar  at  72° C for  8 weeks.  There 
was  no  increase  in  the  moisture  content  due  to  the  storage  and  the  transfer. 
The  effectiveness  of  the  washing  step  in  terms  of  complete  removal  of 
LiAlCl^  was  checked  by  examining  the  Li  surface  with  EDAX-707  (x-ray 
energy  dispersive  analyzer)  which  was  attached  to  SEM.  The  absence  of 
Al  in  the  film  ensured  the  effective  removal  of  LiAlCl..  Control  experi- 
ments were  carried  out  to  ensure  that  the  treatment  with  distilled  propylene 
carbonate  did  not  alter  the  Li  anode  surface. 


The  surface  features  of  the  Li  film  were  examined  at  various 
magnifications  ranging  from  100  to  10,000X  and  were  photographed  for  de- 
tailed analysis.  Attempts  were  made  to  section  the  Li  anodes  to  determine 
the  thickness  of  the  film.  The  measurements  were  extremely  difficult, 
and  the  results  were  not  always  satisfactory. 

The  various  electrolytes  selected  for  the  study  Include: 

1.  0. 5 (M)  LiAlCl  -SOCl 

2.  0.25(M)  LiAlCl  -sod 

3.  l.O(M)  LiAlCl  .-SOCl-  + Igm  AlCl_/100ml  of  electrolyte 

4.  l.O(M)  LlAlCK-SOCn  + lOgm  AlCl  /100ml  of  electrolyte 

5.  l.O(M)  LiAlCl  .-SOCC  + O.Olgm  H^O/lOOml  of  electrolyte 

6.  l.O(M)  LiAlCl  .-SOCl-  + O.lgm  H-O/lOOml  of  electrolyte 

7.  l.O(M)  LiAlCK-SOCC  + lOgm  S Cl  /100ml  of  electrolyte 

8.  1.0 (M)  LiAlCl J-SOCI2  + 17.3gm'^SO2/100ml  of  electrolyte 

All  the  above  electrolytes  were  stored  with  lithium  specimens  at  72°,  55° 
and  25°C.  At  least  10  samples  were  stored  at  each  temperature,  making 
a total  of  more  than  240  samples. 


I 


I 


20 


F 


(b)  Results  and  Discussion 

(I)  Effect  of  Electrolyte  Variables  on  the  LI  Film  Morphology 

The  SEM  photographs  of  the  Li  film  formed  in  the 
1(M)  L1A1C1.-S0C1„  electrolyte  containing  1%  AlCl,/  0.01%  H.O, 

10%  S-Cl-  and  17.d%  SO-  are  shown  in  Figures  23,  24,  25  and  26 
respectlv^y.  The  film  morphologies  are  shown  at  two  magnifications 
viz  200  and  1000.  The  film  morphologies  were  also  studied  in  0.5M 
and  0.25M  LIAICI .-SOCl-  electrolytes,  and  were  found  to  be  very 
similar  to  that  observed  In  1.8M  LiAlCl .-SOCI2  electrolytes  (Fig.  20). 

Some  typical  morphologies  in  0.5M  electrolyte  are  shown  in  Fig.  27. 

The  film  morphologies  were  studied  as  a function  of  storage  temperatures 
and  the  storage  durations  as  well.  It  is  clear  from  Figures  23,  24  and  25 
that  the  addition  of  A1C1-,  H-O  and  S-Cl  did  not  cause  any  significant 
change  in  the  morphology,  rfowever,  the^addition  of  SO-  caused  a 
dramatic  change  in  the  film  morphology.  The  growth  of  6ie  LlCl  crystals 
was  found  to  be  extremely  orderly,  as  shown  in  Fig.  26,  The  behavior 
persisted  as  a function  of  storage  temperatures  and  durations. 

Thus,  two  general  types  of  film  morphologies  were 
observed.  One  consists  of  a cluster  type  of  growth  over  a bed  of  small 
crystals;  the  clusters  became  taller  and  thicker  with  storage  and  finally 
a third  layer  of  smaller  crystals  grow  on  top  of  all  this.  This  is  shown 
schematically  in  Fig.  28  (a)  which  represents  the  type  of  growth  ex- 
perienced in  all  the  inorganic  electrolytes  studied  particularly  at  lower 
temperatures  except  the  electrolyte  with  17.3%  SO„.  In  the  case  of 
SO2  containing  electrolyte  large  well  defined  cubic  crystals  grow  in  a 
regular  manner  over  a bed  of  small  crystals;  the  large  crystals  become 
larger  and  larger  on  storage  and  cover  the  whole  surface  shown 
schematically  in  Fig.  28  (b).  Although  the  latter  type  of  growth  was 
reported  (15)  to  cause  less  voltage  delay,  the  experimental  data  available 
are  insufficient  to  confirm  that.  However,  it  is  important  to  note  that 
it  is  possible  to  change  the  morphology  of  the  Li  film  by  the  electrolyte 
variables  and  as  such,  the  approach  of  improving  the  voltage  delay 
characteristics  of  the  cells  by  changing  the  electrolyte  variables  may  be 
quite  successful  in  the  long  run. 

(II)  Effect  of  Electrolyte  Variables  on  the  Li  Film  Growth  Rate 

Li  film  growth  rates  were  measured  by  measuring  the 
Li  film  thickness  as  a function  of  storage  duration  and  storage  tempera- 
tures. The  Li  film  growth  rate  curves  in  0.5M  and  0.25M  LiAlCl.- 
SOCI2  electrolytes  at  25“,  55®  and  75® C are  shown  in  Figures  29^  and 
30  respectively.  The  film  thickness  increases  with  the  storage  duration. 
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and  the  growth  rate  increase  with  an  increase  in  the  storage  temperature. 
Also,  the  film  growth  rates  are  significantly  higher  in  the  0.5M  electrolyte 
compared  to  that  in  the  0.25M  LiAlCl^-SOCl2  electrolyte  at  all  three 
temperatures.  This  is  in  accord  with^the  observation  (10)  that  in  pure 
SOCl»  the  Li  film  forms  very  sparsely  as  shown  in  Fig.  21  compared  to 
that  in  LiAlCl  .-SOCl,  solutions.  The  possibility  of  reducing  the  film 
growth  by  reducing  the  salt  (LiAlCl^)  concentration  in  the  inorganic 
electrolyte  is  thus  demonstrated. 

The  film  growth  rates  in  IM  LiAlCl^-SOCl.  with  0.1% 
and  0.01%  H-0  were  found  to  be  identical,  as  shown  in  Figures  31  and 
32  respectively. 


The  Li  samples  (thickness:  381  microns)  were  found  to 
be  completely  reacted  with  the  electrolyte  in  75  days  at  55“  C in  IM 
LiAlCl^-SOCl2  electrolyte  containing  10%  AlCl^.  Thus,  high  concentra- 
tion of  AlCl^,  a common  impurity  in  LiAlCl^  was  found  to  be  deleterious. 
However,  the  growth  rate  in  1%  A1C1_  (Fig.  33)  was  found  to  be  very 
similar  to  that  in  0.5M  LiAlCl^-SOCl2 ♦ 

The  growth  rate  curves  in  IM  LiAlCl  -SOCl.  with  10% 

(6  wt  %)  S2CI2  at  72°,  55°  and  25°C  are  shown  in  ng.  347  The  film 
appears  to  grow  continuously  without  any  sign  of  leveling  off  at  the 
lower  temperature. 

The  Li  film  growth  rates  in  IM  LiAlCl  .-SOCL  with 
17.3%  SO2  (11  wt%)  at  72.  55°,  and  25°C  are  shown  in  Fig.  35. 

At  72° C,  the  Li  film  grows  rapidly  at  first  and  then  asymptomatically 
reaches  a value  significantly  lower  than  the  film  thickness  observed  in 
all  the  previous  electrolytes. 

The  results  indicate  that  the  Li  film  growth  rates  can 
be  altered  significantly  by  electrolyte  variables  such  as  the  LiAlCl^ 
concentration. 

(iii)  A Tentative  Model  for  the  Li  Film  Growth 


Li  metal  used  in  all  the  studies  mentioned  was  processed 
by  the  manufacturer  in  dry  air  (RH  ~ 2%)  instead  of  in  dry  argon.  This 
was  possible  because  of  the  low  reactivity  (16)  of  Li  metal  with  dry  O2. 
CO-  and  N_.  Moisture  enhances  the  rate  of  the  above  reactions  leading 
to  nie  tarnishing  of  the  Li  foil.  It  is  reasonable  to  assume  that  the 
apparent  stability  of  Li  in  dry  air  is  due  to  the  kinetic  inhibition  of  the 
following  thermodynamically  favorable  reactions  which  lead  to  the  presence 
of  Li20,  LiOH,  Li2C02  and  Li^N  films  on  the  Li  surface. 
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(6) 


6 Li  + N2  * 2 UjN 

A H = -94.4  K.Cal 

4 Li  + O2  > 2 Li20  (7) 

= -284.8  K.Cal 

2 Li  + H2O  + CO2  > ^2 

A H = -138.7  K.Cal 

2 Li  + 2H2O  > 2 LiOH  + H2  (9) 

A H = -117.4  K.Cal 

The  effectiveness  of  the  above  protective  coatings  may  be  Judged,  according 
to  Pilling -Badworth  ratio  (R)  (17). 

R = ^s  (10) 


V = molar  volume  of  the  Li  compound 
s 

n s no.  of  gram  atoms  of  Li  in  one  mole  of  the  compound 
= gram  atomic  volume  of  Li 

which  has  to  be  close  to  or  greater  than  unity  to  provide  corrosion  protection. 
The  R values  of  some  of  the  Li  compounds  are  shown  in  Table  12.  It 
appears  that  both  LiOH  and  LI2CO2  films  are  expected  to  be  protective  in 
nature.  However,  LiOH  forms^monohydrate  and  could  continue  (16)  to 
react  further  with  Li  metal  and  other  Li  film  forming  materials  such  as  Li-N 
to  continue  the  film  buildup  without  giving  any  protection.  ^^■2^ 

Ll^N  form  porous  films  since  the  R values  are  less  than  one.  ^Only 
Ll^CO-  can  provide  good  protection  by  virtue  of  high  R value.  Therefore, 
it  Is  reasonable  to  assume  that  before  the  Li  metal  is  brought  in  contact 
with  the  Inorganic  electrolyte,  the  metal  surface  is  already  coated  with  (i) 
a very  thin  protective  less  porous  film  of  Li,CO»  and  (ii)  a porous  film 
of  Li20  and  Li^N.  On  contact  with  the  SOQ,' 
chemically  react  to  form  the  protective  film  Lful  as 

Li2C03  + SOCI2 2 LiCl  + CO2  + SO2  (11) 
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The  rate  of  the  LiCl  film  forming  reactions  in  the  regions  covered  with 
Li„CO-  is  expected  to  be  low  because  of  the  slow  diffusion  of  the 
reacting  species  through  the  Li.CO,  and  LiCl  (R  ^ 1)  protective  films. 

The  bed  of  small  LiCl  crystals  as  depicted  in  Fig.  44  (a)  and  (b)  may 
have  formed  in  these  regions. 

In  view  of  the  fact  that  Li  was  found  to  be  non-reactive 
(16)  towards  dry  O2  and  CO2  even  at  temperature  as  high  as  250° C,  it 
is  reasonable  to  assume  that  the  major  portion  of  the  Li  surface  remains 
covered  by  the  less  porous  protective  film  of  Li2C02  and  very  minor 
portions  of  the  Li  surface  are  covered  by  the  porous  Li20  and  Li^N  films. 
The  growth  of  tall  stacks  of  LiCl  crystals  as  shown  in  Tig.  28  may  have 
occurred  in  the  latter  regions  covered  by  the  porous  ^2©  and  Li^N  films, 
since  the  rate  of  reaction  with  SOCI2  is  expected  to  be  greater.  The 
general  observation  in  regard  to  the  growth  of  clusters  of  large  crystals 
(Fig.  27)  or  single  large  crystals  (Fig.  26)  over  a bed  of  uniformly  grown 
smaller  crystals,  is  explained  in  this  manner.  According  to  this  model, 
the  thin  films  which  are  present  on  Li  surface  prior  to  its  contact  with 
the  electrolyte,  controls  the  initial  phase  of  the  LiCl  growth  in  the 
inorganic  electrolytes. 

The  subsequent  growth  of  the  LiCl  film  is  controlled  by 
the  electrolyte  variables.  In  view  of  the  fact  that  the  SEM  pictures  of 
LiCl  films  (which  are  as  thick  as  384  microns)  were  taken  without  applying 
any  conductive  coating  such  as  vapor  deposited  A1  or  Au,  as  is  customary 
for  photographing  the  non-conducting  oxides  such  as  ALO  on  A1  or  Ta20c 
on  Ta,  it  is  reasonable  to  assume  that  the  LiCl  crystals  grown  in  the 
inorganic  electrolyte  containing  LiAlCl^-SOCl2  must  have  sufficient  defects 
(caused  by  the  impurities  in  the  crystal)  to  make  them  electronically 
conducting.  One  may  then  view  the  growth  of  LiCl  film  as  a result  of  a 
local  cell  reaction  which  is  shorted  through  the  LiCl  film  as  schematically 
shown  in  Fig.  36.  The  anodic  reaction  involving  the  dissolution  of  Li 
occurs  near  the  pores  of  the  film  and  the  cathodic  reaction  involving  the 
formation  of  LiCl  occurs  on  the  LiCl  film  itself  thus  causing  the  LiCl 
crystals  and  the  film  to  grow.  The  steps  that  could  control  this  film 
growth  are  as  follows: 

1.  Li^  transport  through  the  pores. 

2.  Electronic  conduction  of  the  LiCl  film. 

3.  Li^  ion  conduction  of  the  LiCl  film. 

Both  the  steps  2 and  3 can  be  eliminated  since  the  film  growth  is  dependent 

on  the  LiAlCK  concentration,  indicating  the  step  1 as  the  controlling  step 
4 

for  the  film  growth. 


24 


either 


Thus,  the  rate  of  film  growth  can  be  related  to 

dt 


(1)  The  surface  concentration  of  the  pores,  or 
(li)  the  length  of  the  pores  or  (iii)  both. 

(i)  Film  Growth  Controlled  by  The  Surface  Concentration 
of  Pores 

The  surface  concentration  of  the  pores  can  be  expressed 
as  the  portion  of  the  surface  not  covered  by  the  film  (A  - © ) where  © 
is  the  LiCl  film  area. 

The  rate  of  film  growth  can  be  expressed  as: 

•^  = k (A  - ©)  (12) 

Where  K is  the  rate  constant.  Integration  yields: 

© = A(1  - e"*'^  (13) 

when  t = O,  © = O;  and  when  t ‘S'cc,  © = A 

This  represents  an  asymptotic  type  of  growth.  According  to  this  type  of 
growth,  © Increases  rapidly  at  first  and  then  slowly  levels  off.  The  LiCl 
film  growth  in  the  electrolyte  with  SO2  gives  rise  to  this  type  of  growth 
(Fig.  35).  The  large  crystals  which  grow  eventually  cover  the  pores 
(Fig.  26)  and  stop  further  film  growth. 

(ii)  Film  Growth  Controlled  by  The  Length  of  the  Pores 

As  the  film  grows  thicker,  the  length  of  the  pores  in- 
creases, thus,  impeding  the  transport  of  Li'*'.  Therefore,  the  rate  of 
growth  is  Inversely  proportional  to  the  film  thickness. 

^ = Ji-  (14) 

dt  © 

Integration  yields: 

©^  = 2kt  (15) 

This  is  the  well-known  parabolic  law  of  film  growth.  According  to  this 
the  growth  of  the  film  continues  without  approaching  an  asymptotic  value. 
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The  Li  film  growth  in  all  the  electrolytes  studied  except  the  SO^ 
containing  electrolyte,  particularly  at  lower  temperatures,  conforms  to 
this  type  of  behavior  (Figures  29-32,  34  & 35).  Thus,  the  tentative 
model  of  film  growth  proposed  above  qualitatively  conforms  to  all  the 
experimental  observations.  The  data  available  to  date  are  insufficient 
to  do  any  quantitative  analysis,  and  it  is  in  fact  likely  that  pore  con- 
centration and  pore  length  both  affect  the  growth  kinetics. 

C . The  Effect  of  Electrolyte  Variables  on  the  Energy  Density  and 
the  Voltage  Delay  of  the  Hermetic  D Cells 

We  found  from  the  SEM  studies  that  the  concentration  of  LiAlCl, 
in  SOCl-  had  a significant  effect  on  the  Li  anode  film  growth.  We 
planned  w evaluate  the  effect  of  the  LiAlCl^  concentration  on  the 
voltage  delay  characteristics  of  the  Li/SOCl.  D cell.  But,  before  that, 
we  decided  to  determine  the  effect  of  the  LiAlCl,  concentration  on  the 
rate  capability  and  the  energy  density  of  the  fresh  Li/SOCl^  cells. 

(a)  Effect  of  Salt  (LiAlCl.)  Concentration  on  the  Energy  Density 
of  the  Hermetic  D C^ls 


(i)  Experimental 

Hermetic  D cells  were  made  in  Ni  cans  with  G/M  seals 
and  welded  tops  using  the  methods  described  earlier.  The  electrode 
dimentions  of  both  the  Li  anode  and  the  carbon  cathode  were  20"  x 1.75". 
The  electrolytes  were  made  according  to  the  procedure  described  earlier. 
The  cells  were  discharged  at  constant  currents  at  ambient  (25° C)  tempera- 
ture within  one  week  of  electrolyte  filling. 

(ii)  Results  and  Discussion 


The  capacity-rate  curves  of  the  Li/SOCl-  D cells  with 
1.8,  1.0,  0.5,  0.25  and  0.1  (M)  LiAlCl .-SOCl-  electrolytes  are  shown 
in  Fig.  37.  The  lowering  of  the  LiAlCl^  concenWation  beyond  1 (M) 
leads  to  a lowering  of  the  rate  capability  of  the  cells  but  an  increase  in 
the  intrinsic  capacity  (capacity  at  low  rate)  of  the  cells.  The  latter 
has  been  found  to  be  true  in  C size  cells,  and  was  presumed  to  be  due 
to  the  increased  precipitation  of  LiAlCl^  in  the  cathode  with  the  higher 
initial  LiAlCl^  concentration  in  SOCI2  which  is  depleted  on  discharge. 

Thus,  the  lowering  of  the  LiAlCl.  concentration  appears 
to  be  beneficial  with  respect  to  the  cell  capacity  at  low  rates,  but 
detrimental  with  respect  to  the  rate  capability  insofar  as  the  fresh  per- 
formance at  room  temperature  is  concerned. 

The  performance  characteristics  of  all  the  above  cells 
are  summarized  in  Table  13. 


/ 
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(b)  Effect  of  Electrolyte  Variables  on  the  VoltageDelay 

of  Li/SOCl-  Hermetic  D Cell 




From  SEM  studies  we  found  that  electrolyte  variables  affected  the 
morphology  and  the  growth  rates  of  LI  anode  film.  The  purpose  of  this 
investigation  was  to  determine  the  effect  the  above  changes  might  have 
on  the  voltage  delay  of  the  Li/SOClg  D cells.  We  found  that  a lower- 
ing of  the  LiAlCl^  concentration  in  tne  electrolyte  resulted  in  a lowering 
of  the  rate  of  film  growth.  Although  we  carried  out  the  SEM  studies  using 
only  two  LIAICI^  concentrations  viz.  0.5  and  0.25(M)  we  felt  that  it  is 
necessary  to  examine  the  voltage  delay  characteristics  of  the  cells  with 
a wider  range  of  salt  concentrations  since  the  quantitative  cause  and  effect 
relationship  between  the  Li  film  and  the  voltage  delay  may  be  quite  com- 
plicated. According  to  our  model,  the  initial  voltage  depression  on  load 
occurs  as  a result  of  the  concentration  polarization  across  the  pores  of 
the  LlCl  film  on  the  Li  anode.  A lowering  of  the  LiAlCl^  concentration 
leads  to  a thinner  LiCl  film  and  a lower  pore  length  thus  decreasing 
the  concentration  polarization.  But,  at  the  same  time,  the  lowering  of 
the  LIAICI^  concentration  also  leads  to  a decrease  of  the  electrolytic 
conductivity,  thus  leading  to  an  increase  in  the  anode  polarization. 
Therefore,  it  is  necessary  to  determine  the  optimum  LiAlCl^  concentration 
where  the  above  opposing  effects  are  minimized  far  a minimum  initial 
anode  polarization.  This  can  be  accomplished  by  experiments  with  actual 
cells . 


We  found  that  S2CI2  (electrolyte  additive)  did  not  change  either  the 
morphology  or  the  film‘d  growth  rates  in  any  significant  way.  We  included 
it  in  this  investigation  also  in  order  to  determine  whether  ^Cl2  might 
affect  the  voltage  delay  of  the  D cells.  We  Included  the  ^2  additive 
in  this  study,  in  view  of  its  dramatic  effects  on  the  LlCl  film  morphology. 
The  experimental  details  and  the  results  are  presented  below. 

(i)  Experimental 

Li/SOCl„  D cells  were  made  with  the  following  electrolyte 
variables,  using  the  meDiods  and  the  procedure  described  in  the 
previous  section. 

1.  1.8  (M)  LiAlCl^-SOCl2 

2.  1.0  (M)  LiAlCl^-SOCl2 

3.  0.5  (M)  LiAlCl^-SOCl2 

4.  0.25  (M)  LiAlCl^-SOCl2 

5.  1.0  (M)  LiAlCl4-SOCl2  + (6  Wt.%)  S2CI2 

6.  1.0  (M)  LiAlCl4-SOCl2  + (11  Wt.%)  SO2 
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All  the  cells  were  fitted  with  low  pressure  vents. 

The  cells  were  stored  at  72° C and  were  taken  out  every 
month  and  were  cooled  to  -30° C for  at  least  two  hours  and  the  voltage 
delays  were  measured  at  constant  currents  of  3.0,  1.0  and  0.25A.  As 
soon  as  the  cell  voltage  reached  2.0  volt,  the  tests  were  discontinued 
and  the  cells  were  re-stored  at  72°C.  The  cell  voltages  were  recorded 
on  a strip  chart  recorder  to  determine  the  initial  voltage  depression  and 
the  subsequent  recovery.  The  cells  which  exhibited  no  voltage  depression 
below  2.0  volt  on  load  were  considered  to  have  no  voltage  delay.  The 
cells  which  exhibited  an  initial  voltage  depression  on  load  to  a voltage 
below  2.0  volt,  were  considered  to  have  a voltage  delay  measured  as 
the  time  required  for  the  voltage  to  reach  2.0  volt.  The  cells  which  did 
not  recover  to  a 2.0  volt  level  within  an  hour  of  test,  were  considered 
to  have  infinite  voltage  delay  and  to  be  inoperative. 

(ii)  Results  and  Discussion 


Table  14. 


The  results  of  the  voltage  delay  tests  are  shown  in 


The  voltage  delay  measurements  of  Li/SOCL  hermetic 
D cells  having  1.8  and  1.0  (M)  LiAlCl  .-SOCl,  electrolytes^were  made 
after  a storage  of  1,  2 and  3 months  at  72° CT  The  cells  with  0.5  (M) 
and  0.25  (M)  electrolytes  were  tested  after  1,  2,  3 and  4 months  at 
72° C.  The  cells  with  6 wt%  S2CI2  were  tested  after  1,  2,  and  3 
months  at  72°C;  these  results  are  also  shown  in  Table  14.  The  results 
indicate  a gradual  alleviation  of  the  voltage  delays  with  a decrease  in 
the  LiAlCl.  concentration  from  1.8  (M)  to  0.5  (M) . At  0.25  (M),  the 
voltage  delays  are  somewhat  longer.  According  to  our  model  of  the 
voltage  recovery  after  the  initial  depression,  the  anode  dissolution  of 
Li  occurs  through  the  pores  of  the  LiCl  film.  A simple  explanation  for 
the  observed  behavior  based  on  this  model  is  as  follows:  The  thicker 
film  at  high  salt  concentrations  (1.8M)  results  in  longer  pores  and,  hence, 
longer  voltage  delays.  The  thinner  film  at  lower  salt  concentrations  has 
shorter  pores,  and,  therefore,  shorter  voltage  delays.  However,  at  even 
lower  salt  concentrations,  viz,  0.25  (M),  the  conductivity  of  the  electrolyte 
is  reduced  substantially,  thus  impeding  the  mass  transport  necessary  for 
a rapid  voltage  recovery.  Thus,  a minimum  in  the  hypothetical  voltage 
delay  vs  salt  concentration  curve  should  occur  between  the  0.25  (M)  and 
the  1.8  (M)  points  on  the  curve,  and  this  minimum  is  probably  near  the 
0.5  (M)  point. 

The  voltage  delays  of  the  cells  with  S2CI2  in  the  1(M) 
LiAlCl  .-SOCl„  electrolyte  after  3 months  at  72° C,  appear  10  be  similar 
to  that  of  the  cells  without  S-C1„. 
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Only  three  of  the  ten  cells  with  1.0  (M)  LlAlCl  .-SOCl, 

+ 11  Wt  % SO,  electrolyte  survived  the  first  month  of  storage  at  72°  C, 
the  rest  vented  during  the  72° C storage  due  to  the  excessive  pressure 
caused  by  the  SO,.  Three  cells  were  tested  at  the  three  currents  and 
showed  no  voltage  delay.  However,  these  cells  vented  during  the  second 
month  of  storage  at  72° C.  We  repeated  this  experiment  with  cells  having 
high  pressure  vents. 

Unfortunately,  these  cells  leaked  at  the  end  of  one 
month.  The  weight  loss  of  these  cells,  as  well  as  the  voltage  delays 
at  -30° C test,  are  shown  In  Table  15.  Note,  that  the  cells  showed 
reasonably  good  voltage  delay  characteristics  In  spite  of  the  electrolyte 
loss.  Two  cells  were  discharged  at  25°C  at  1.0  and  0.25A.  The 
capacity  recovered  was  10.8  and  13.4A.Hr  respectively.  Indicating  no 
significant  capacity  loss  as  a result  of  the  storage. 

It  Is  important  to  note  that  all  the  cells  In  Table  14 
showed  no  delay  when  tested  at  25° C after  the  various  storage  periods. 

(c)  Conclusion 


The  LlAlCl.  concentration  In  SOCI2  was  found  to  have  a 
significant  effect  on  noth  the  Intrinsic  energy  density  and  the  voltage 
delay  characteristics  of  the  LI/SOCI2  D cells.  We  found  1.0  and  0.5  (M) 
LlAlCl^-SOCl,  to  be  the  best  from  both  the  energy  density  and  the  voltage 
delay  point  01  view. 

Addition  of  6%  S2CI2  did  not  have  any  significant  effect  on 
the  voltage  delay  characteristics  of  LI/SOCI2  D cells. 

Evidence  regarding  the  effect  of  SO2  on  the  voltage  delays 
remained  Inconclusive  because  of  the  premature  cell  leakage. 

In  general,  the  voltage  delay  characteristics  of  the  hermetic 
D cells  was  found  to  be  superior  to  those  reported  by  others  (13). 
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V.  Task  IV  - Safety  Studies-  Development  of  Protection  Against  Short  Circuit 

And  Thermal  Runaway 


It  was  discovered  that  the  Li/SOGl2  D cell  exploded  on  10  A discharge.  The 
cells  also  exploded  on  external  shorting  in  spite  of  an  operational  vent  designed  to 
open  at  500-550  PSIG.  The  wall  temperature-time  plot  of  a D cell  after  external 
shorting  is  shown  on  Fig.  38.  The  opening  of  the  vent  did  not  result  in  any  signi- 
ficant cooling  of  the  cell. 

Two  approaches  were  pursued  in  an  effort  to  alleviate  the  explosion  hazard. 

(i)  A physical  approach  based  on  the  possibility  of  using  a low 
pressure  vent  and  the  reduction  of  the  rate  capability  of  the  cells  to  prevent  cell 
overheating  on  short. 

(it)  A chemical  approach  based  on  the  identification  of  the  chemical 
combinations  (present  in  the  cell)  capable  of  sustaining  a thermal  runaway  and  the 
development  of  possible  methods  of  deactivating  these. 

A.  The  Physical  Approach 

(a)  Low  Pressure  Venting 

(i)  Venting  at  0 PSIG 

We  showed  that  venting  at  500  PSIG  did  not  prevent  explosion 
on  shorting.  Next,  we  attempted  to  vent  D cells  at  0 PSIG  on  shorting.  We  accom- 
plished this  by  fabricating  cells  according  to  the  methods  described  earlier  but 
keeping  the  electrolyte  fill  port  open  after  the  cell  filling.  The  cells  were  fitted 
with  a thermocouple  on  the  outer  wall  which  was  insulated  thermally  by  wrapping 
several  layers  of  the  glass  filter  paper  and  asbestos  sheet  around  the  cell.  The 
short  circuit  current  and  the  wall  temperature  of  the  cell  were  monitored  as  a function 
of  time  after  shorting.  The  test  results  for  three  D cells  are  shown  in  Fig.  39.  The 
behavior  of  all  three  cells  was  qualitatively  similar.  The  short  circuit  current  rose 
to  approximately  24  A within  a short  time  after  the  shorting  and  then  decreased 
rather  rapidly.  The  cell  temperature  increased  for  the  first  3 or  4 minutes,  reached 
a maximum,  and  then  declined  slowly.  The  cell  venting  began  visibly  within  a 
minute  or  two  of  the  cell  shorting.  There  was  no  explosion,  bulging  or  any  other 
damage,  internal  or  external  to  the  cell. 

The  results  indicate  that  it  is  possible  in  principle  to  prevent 
explosion  of  Li/SOCl2  on  shorting  by  means  of  venting.  Since  venting  at  500  PSIG 
did  not  work,  and  venting  at  0 PSIG  did,  there  must  be  a safe  venting  pressure 
between  0 PSIG  and  500  PSIG.  It  is  therefore  necessary  to  investigate  the  internal 
cell  pressure  as  a function  of  the  various  abuse  conditions  in  order  to  determine 
this  maximum  safe  venting  pressure. 
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(ii)  Quantitative  Measurements  of  Cell  Pressures  and  Temperatures 

On  Short  Circuiting 

We  attempted  to  determine  the  safe  venting  pressure  by  quanti- 
tatively measuring  the  pressure-temperature  characteristics  of  the  D cells  under 
external  heating  and  shorting  conditions.  We  have  also  designed  and  built  a device 
which  allowed  us  to  vent  the  cell  from  a remote  position  as  the  cell  internal  pressure 
rose  to  a certain  value.  The  experimental  details  and  the  results  arc  presented  here. 

Experimental 

D cells  were  made  with  20"  x 1.75"  electrodes  in  N1  can.'j  with 
GA^  seals  employing  the  methods  described  earlier.  The  cells  were  filled  with 
1 (M)  LIAICI4-SOCI2  electrolyte  through  the  electrolyte  fill  port  and  the  electrolyte 
fill  ports  were  temporarily  closed  with  a rubber  plug  instead  of  a permanent  seal  by 
welding  as  is  the  normal  practice.  The  electrolyte  fill  port  was  used  for  monitoring 
the  internal  cell  pressure  as  well  as  for  venting  when  desired.  A schematic  view  of 
the  device  built  for  this  purpose  is  shown  in  Figure  40.  The  device  has  a teflon  nest 
mounted  on  a hinged  steel  plate  that  supports  the  D cell  which  is  wound  with  heating 
tape  and  insulation.  A thennocouple  is  attached  to  the  outer  wall  of  the  cell  for 
monitoring  the  temperature  of  the  cell.  The  hinged  steel  plate  is  kept  in  a horizontal 
position  by  means  of  a latch  which  can  be  opened  by  an  electromechanical  actuator. 

A top  steel  plate  which  can  be  clamped  down  by  means  of  a threaded  rod  is  positioned 
on  the  cell  top  by  means  of  several  'O'  rings  which  provides  a seal  as  well  as  electrical 
insulation.  The  electrolyte  fill  port  is  electrically  connected  to  the  top  steel  plate 
and  is  positioned  in  a hole  drilled  in  the  top  plate.  A pressure  transducer  is  screwed 
into  the  other  end  of  the  hole , thus  connecting  with  the  interior  of  the  cell  through 
the  electrolyte  fill  port.  A tab  welded  to  the  cell  can  is  one  terminal  of  the  cell, 
the  electrolyte  fill  port  electrically  connected  to  the  steel  device  is  the  other  terminal. 
Note  that  the  cell  can  is  electrically  insulated  from  the  device  by  means  of  the  teflon 
nest  and  the  rubber  'O'  ring  seal  at  the  top.  The  electrical  insulation  at  the  top  is 
further  improved  by  a thin  disc  of  teflon  on  the  cell  top. 

The  transducer  was  calibrated  before  each  experiment  using  a 
pressure  gauge,  connected  to  a gas  cylinder  which  was  in  turn  connected  to  an  empty 
D cell  can  (with  tube  feed  through)  placed  in  the  teflon  nest  of  the  device.  The  cali- 
bration of  the  transducer  did  not  change  during  the  experiments  which  included  several 
explosions.  The  transducer  and  the  electromechanical  actuators  were  protected  by 
the  heavy  steel  plates  within  which  the  cell  was  located. 

The  device  was  kept  behind  protective  shields  in  the  safety  room 
which  had  electrical  connections  through  the  wall . All  the  measuring  instiximents 
including  the  switch  for  actuating  the  vent  were  placed  outside  the  safety  room 
away  from  the  device.  It  had  provisions  for  allowing  the  cell  to  vent  at  will  by 
means  of  the  electromechanical  actuator  that  pulls  the  latch  that  clamps  the  middle 
steel  plate  (supporting  the  cell)  against  tlie  cell.  When  actuated,  the  middle  plate 
drops  down  to  expose  the  electrolyte  fill  port  to  the  atmosphere.  It  was  planned  to 
vent  the  cell  when  the  cell  pressure  reached  200  and  400  PSI  in  order  to  determine 
the  highest  safe  venting  pressure.  We  already  know  tliot  It  is  safe  to  vent  the  cells 
at  500  PSI. 
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Results  and  Discussion 

We  ran  several  experiments  consisting  of  heating  the  cell 
externally  and  monitoring  the  internal  pressures  in  order  to  check  out  the  de- 
pendability of  the  device.  We  also  ran  several  shorting  experiments  to  establish 
the  general  pressure-time  characteristics  on  shorting.  The  results  of  two  specific 
experiments  are  described  below. 

In  the  first  experiment  one  freshly  made  D cell  with  open 
electrolyte  fill  port  and  a thermocouple  fitted  to  the  cell  wall  with  insulation  was 
mounted  in  the  device  (Fig.  40)  arid  was  externally  shorted  through  a 1 milliohm 
shunt.  The  pressure,  the  wall  temperature,  the  voltage  and  the  short  circuit  current 
of  the  cell  were  all  monitored  as  a function  of  time  on  strip  chart  recorders.  The 
results  of  the  first  experiment  are  shown  in  Fig.  41 . On  shorting,  the  cell  voltage 
initially  plummeted  to  0.15  volt  and  then  rose  gradually  to  0.65  volt  and  began  to 
decline  slowly.  The  short  circuit  current  also  rose  gradually  after  the  initial  fluctua- 
tion to  19.5  A and  then  began  a slow  decline.  The  cell  temperature  and  the  cell 
pressure  increased  rather  slowly  during  the  first  minute.  Thereafter  the  temperature 
rose  steadily  to  115‘’C.  The  pressure  rose  steadily  to  approximately  160  PSI,  and 
began  to  rise  rather  sharply  thereafter.  The  cell  was  vented  through  the  electrolyte 
fill  port  by  means  of  the  electromechanical  actuator  as  soon  as  the  pressure  reached 
195  PSI.  The  cell  temperature  began  to  decline  steadily  right  after  the  venting.  There 
was  no  cell  explosion.  The  results  Indicate  that  cell  venting  below  200  PSI  may  pre- 
vent explos  ions . 


We  carried  out  another  shorting  experiment  with  another  fresh 
D cell  after  readjusting  the  latch  mechanism  of  the  device.  The  plots  of  pressure, 
temperature,  short  circuit  current  and  the  voltage  as  a function  of  time  after  the 
shorting  are  shown  in  Fig.  42,  Again  the  plots  were  the  same  as  in  the  previous 
experiment.  The  cell  pressure  rose  rather  gradually  to  150-200  PSI  and  then  began 
to  rise  very  sharply.  All  these  experiments  indicate  that  the  pressure-time  plots 
after  shorting  tend  to  have  two  slopes,  with  a transition  region  around  150-200  PSI. 
The  cell  pressure  rose  to  400  PSI  when  the  switch  for  the  vent  was  pressed.  The 
cell  exploded  right  at  that  instant.  It  was  not  clear  whether  the  vent  mechanism 
really  opened  prior  to  the  explosion.  However,  it  is  clear  that  the  cell  may  explode 
at  400  PSI.  The  temperature  at  which  the  explosion  occurred  was  140“C, 

Conclusions 


The  following  conclusions  were  drawn  from  the  quantitative 
measurements  of  the  pressure  and  temperature  on  cell  heating  and  cell  shorting. 

1 , The  rate  of  increase  of  cell  pressure  on  shorting  has  a 
transition  region  around  150-200  PSI  above  which  the  rate  is  significantly  higher. 

2.  Cell  venting  below  200  PSI  may  prevent  cell  explosions 

on  shorting. 
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(iii)  Short  Circuiting  of  D Cells  With  A Low  Pressure  Vent 

We  have  used  existing  experimental  vent  structures  developed 
on  a company  funded  project  and  installed  these  on  the  D cells  in  order  to  determine 
the  effectiveness  of  low  pressure  venting  in  preventing  cell  explosion.  We  carried 
out  the  first  few  experiments  with  empty  D size  cans  fitted  with  these  vents  and 
pressurized  the  cans  with  a gas  from  a cylinder  to  determine  the  pressures  at  which 
the  vent  opened  on  the  D cells.  The  venting  pressures  were  114,  126,  108,  114, 

106  and  132  PSIG.  These  pressures  were  significantly  lower  than  the  200  PSI  which 
had  been  found  to  be  the  probably  safe  limit  for  venting.  Li/SOCl2  D cells  made 
with  this  low  pressure  vent  were  then  tested  for  explosion  hazards  under  external 
shorting  conditions  at  25‘'C  and  72°C.  The  results  are  discussed  below. 

Seven  D cells  were  shorted  externally  at  25®C.  The  wall 
temperature  of  these  cells  were  monitored  with  a thermocouple.  All  seven  cells 
vented  safely  without  any  explosion.  The  short  circuit  current,  the  wall  temperatures 
at  which  the  cells  vented,  and  the  time  taken  to  vent  are  shown  in  Table  16.  Note 
that  there  is  quite  a bit  of  variation  of  the  above  parameters  from  cell  to  cell. 

One  D cell  was  heated  to  72® C,  and  the  heater  was  turned  off 
and  the  cell  was  shorted  externally.  Hits  cell  vented  in  3 minutes  after  shorting  at 
a wall  temperature  of  117®C.  There  was  no  explosion. 

Another  D cell  was  heated  to  72® C and  the  wall  temperature  was 
maintained  at  72®C  for  l.S  hours  and  then  the  cell  was  shorted  without  shutting  off 
the  heat.  This  cell  vented  one  minute  after  shorting  at  a wall  temperature  of  105®C. 
Again  there  was  no  explosion. 

Typical  wall  temperature- time  plots  on  shorting  of  the  cells, 
one  at  25®C  and  the  other  at  72 ®C  are  shown  in  Fig.  43. 

The  above  results  indicate  that  explosions  caused  by  external 
shorting  may  be  prevented  by  using  a low  pressure  vent.  The  venting  time  and  the 
venting  temperature  appeared  to  vary  somewhat  from  cell  to  cell. 

(iv)  Overdischarqe  of  D Cells  with  Low  Pressure  Vents 

We  investigated  the  efficacy  of  the  low  pressure  vent  in  prevent- 
ing cell  explosions  that  may  occur  as  a result  of  a forced  overdischarge  that  might 
occur  in  a multicell  battery.  This  was  done  by  discharging  D cells  with  a low  pressure 
vent  at  constant  currents  of  0.5  and  0.25  A and  the  discharge  was  continued  after  the 
cell  voltage  went  negative.  The  cell  wall  temperature  was  monitored  using  a thermo- 
couple as  before . 

The  plots  of  the  cell  voltage  and  the  cell  wall  tempera  re  as 
a function  of  time  on  a 0.5  A constant  current  discharge  are  shown  in  Fig. 

The  cell  voltage  dropped  sharply  at  the  end  of  the  discharge  and  dropped  to  approxi- 
mately -0.3  volt  and  fluctuated  a little.  The  cell  wall  temperature  remained  steady 
\mtil  the  end  of  the  cell  discharge  and  then  it  began  to  rise  and  it  rose  to  34® C at 
which  point  the  cell  exploded.  There  was  no  evidence  of  venting.  The  cell  was 
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overdischarged  for  only  0.3  hours  at  0,5  A before  the  cell  exploded. 

The  plots  of  cell  voltage  and  the  cell  wall  temperature  as  a 
function  of  time  on  a 0.25  A constant  current  discharge  are  shown  in  Fig.  45. 

The  cell  ran  for  51  hours  before  the  voltage  dropped  erratically  to  -0.3  volt  and 
then  to  -0.5  volt  and  began  to  oscillate.  The  cell  temperature  remained  constant 
at  24® C during  the  discharge  then  began  to  rise  at  the  end  of  the  cell  discharge 
and  leveled  off  at  39®C  in  6.5  hours  of  overdischarge  at  which  point  the  cell 
exploded  violently. 


It  should  be  noted  that  in  both  the  above  experiments,  the 
cell  wall  temperature  at  which  the  cells  exploded  were  34  and  39®C,  respectively. 
The  cells  had  low  pressure  vents  but  that  did  not  prevent  the  explosions.  Therefore, 
it  is  reasonable  to  conclude  that  low  pressure  venting  is  not  an  effective  means  of 
preventing  cell  explosion  due  to  overdischarge. 

(v)  Conclusions 


It  was  concluded  that  the  explosion  due  to  shorting  could  be 
prevented  by  the  use  of  a low  pressure  vent.  However,  it  is  ineffective  in  prevent- 
ing explosions  caused  by  cell  reversals. 

(b)  Reduction  of  the  Rate  Capability 

We  attempted  to  reduce  the  rate  capability  of  the  D cells  by  decreas- 
ing the  electrode  lengths,  keeping  the  width  and  the  weight  of  the  electrodes  as 
well  as  the  quantity  of  electrolyte  constant.  We  evaluated  the  electrochemical  per- 
formance as  well  as  the  explosion  hazards  of  D cells  with  two  sizes  of  electrodes 
viz  11.5"  and  7".  The  length  of  the  electrodes  used  for  all  the  previous  tests  was 
20". 


All  the  earlier  D cells  had  1 .5"  wide  Li  anodes  and  1 .75"  wide  carbon 
cathodes.  This  was  used  in  order  to  reduce  the  Incidence  of  cell  shorting  during 
the  winding  of  the  electrode  assembly.  A modification  of  the  cell  winding  apparatus 
made  it  possible  to  use  1.75"  wide  Li  anode  along  with  1 . 75"  wide  carbon  cathode 
for  cell  construction  without  any  shorting  problem  during  cell  winding.  The  electrode 
lengths  were  20"  as  before.  A few  cells  were  tested  fresh  in  order  to  determine  the 
effect  this  change  might  have  on  the  cell  capacity. 

(i)  Electrochemical  Performance 


The  performance  characteristics  are  summarized  in  Table  17. 
Performance  characteristics  of  the  two  types  of  20"  electrode  cells  are  also  in- 
cluded for  comparison . The  cell  capacity-current  semilog  plots  of  the  D cells 
with  two  types  of  20"  and  one  each  type  of  11,5"  and  7"  electrodes  are  shown 
in  Fig.  46. 


The  substantial  Increase  in  the  rate  capability  of  the  cells 
having  1.75"  wide  anode  is  particularly  striking.  The  increase  in  the  Li  anode  area 
was  only  17%.  The  rate  capability  was  increased  by  a factor  of  almost  three.  The 
energy  density  of  the  D cells  on  0.25  A test  was  184  Whr/lb  and  13.5  WHr/ln^.  In 
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view  of  the  fact  that  the  above  energy  densities  were  realized  without  any  opti- 
mization with  respect  to  the  electrode  geometries,  the  potentially  realizable  energy 
densities  that  may  be  achieved  by  suitable  optimization  appear  to  be  attractive. 

We  did  in  fact  develop  a low  rate  high  energy  density  D cell  on  a separate  program 
by  experimental  optimization  and  we  realized  energy  densities  of  20  WHr/in^  t nd 
290  WHr/lb  at  a drain  of  0.03  A. 

The  reduction  in  rate  capability  with  the  decrease  in  the  length 
of  the  electrodes  is  also  shown.  It  is  noted  that  at  0.05  A drain  the  D cell  with  all 
the  three  sizes  of  electrodes  delivered  the  same  capacity  (11.7  AHr),  and  at  1.0  A 
drain  the  7"  electrode  cell  delivered  almost  half  the  capacity  of  the  20"  electrode 
cells.  The  energy  density  penalty  of  the  D cells  with  shorter  electrodes  becomes 
significant  at  some  current  between  0.05  and  0. 10  A.  The  rate  capability  of  the  7" 
electrode  cells  v/as  almost  an  order  of  magnitude  smaller  than  that  of  the  20"  electrode 
cells . 


(li)  Short  Circuiting  Tests 

The  temperature-time  plot  after  the  shorting  of  a D cell  with 
11.5"  electrode  is  shown  in  Fig.  47.  The  cell  temperature  increased  steadily  after 
shorting,  the  cell  vented,  and  then  exploded,  as  did  the  D cells  with  the  20" 
electrodes.  Thus,  shortening  of  the  electrode  to  11.5"  did  not  prevent  the  cell 
explosion  on  shorting. 

The  temperature  and  the  short  circuit  current  versus  time  plots 
of  two  D cells  with  7"  electrodes  are  shown  in  Fig.  48.  The  short  circuit  current 
rose  sharply  to  18-20  Amps  and  then  dropped  gradually  to  almost  negligible  values 
in  twenty  minutes.  The  temperature  rose  to  approximately  90° C and  then  dropped 
very  slowly.  The  behavior  of  both  cells  were  quite  similar  both  quantitatively  and 
qualitatively. 


Shorting  of  D cells  with  7"  electrodes  did  not  lead  to  an  ex- 
plosion. The  appearance  of  the  cells  remained  unchanged  without  any  visible  sign 
of  bulging. 

However,  when  a D cell  with  7"  electrode  was  shorted  after  the 
cell  was  heated  to  72°C,  (a  simulation  of  accidental  cell  shorting  while  on  storage 
at  72° C),  the  cell  exploded.  The  temperature,  current  and  voltage  plots  are  shown 
in  Fig.  49,  a,  b,  and  c respectively.  The  short  circuit  current  shot  up  beyond  25  A, 
the  top  of  the  recording  scale,  the  cell  voltage  first  plummeted  to  0.5  volt  and  then 
rose  instantly  to  1.3  voltend  then  dropped  again.  The  cell  temperature  first  dropped 
slightly  and  then  took  off.  A slight  hump  in  the  temperature-time  plot  was  due  to 
the  cell  venting.  Within  approximately  five  minutes  of  cell  venting  the  cell  blew  up 
with  a loud  bang.  The  skin  temperature  of  the  cell  just  prior  to  the  explosion  was 
approximately  130°C.  The  behavior  of  this  D cell  with  tile  7"  electrode  was  found 
to  be  similar  to  the  behavior  of  the  D cells  with  the  20"  electrodes  when  shorted  at 
25°C. 

Although,  the  above  results  indicated  the  apparent  ineffective- 
ness of  this  approach,  we  examined  the  possibility  of  making  the  D cells  safe  by 
reducing  the  rate  capability  in  much  more  detail  on  another  program.  We  found  that 
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it  is  indeed  possible  to  prevent  any  cell  explosion  or  venting  on  short  circuit 
by  reducing  the  rate  capability  of  the  cells  without  sacrificing  the  energy  density 
of  these  cells  at  low  rate.  Indeed,  these  cells  delivered  280  WHr/lb  and 
18  WHr/in^  corresponding  to  a cell  capacity  of  17-18  AHr  at  0.03  A . At  high  rate, 
the  safe  cells  performed  poorly,  e.g.  4A*Hratl.0A. 

Unfortunately,  the  "safe"  cells  exploded  on  cell  reversal  at 
currents  of  0.01  A and  0.03  A.  The  cell  voltages  were  around  -0.01  to  -0.03  volts 
at  the  point  of  explosion. 

(iii)  Conclusion 


It  is  possible  to  prevent  any  cell  explosion  on  external  shorting 
by  reducing  the  rate  capability  of  the  cells  sufficiently.  However,  this  does  not 
prevent  cell  explosion  on  voltage  reversal  even  at  as  low  a current  as  0.01  A from 
the  D size  cell.  Voltage  reversal  is  not  an  uncommon  occurrence  in  series  connected 
multicell  battery  where  one  cell  may  have  slightly  lower  capacity  than  the  others. 

(c)  General  Conclusions  From  the  Physical  Approach 

It  was  shown  that  both  the  low  pressure  venting  and  the  reduction 
of  the  rate  capability  of  the  cells  prevented  cell  explosion  on  accidental  short  circuit- 
ing, but  could  not  prevent  explosion  on  forced  overdischarge  (voltage  reversal)  even 
at  currents  as  low  as  0.01  A for  the  D cell.  This  restricts  the  use  of  the  present 
generation  of  Li/SOCl2  cells  to  a single  cell  application,  since  series  connected 
multicell  batteries  are  liable  to  cause  voltage-reversals  in  cells  having  a slightly 
lower  capacity  than  the  others, 

B,  The  Chemical  Approach 


The  deficiencies  of  the  physical  approaches  in  rendering  the  Li/SOGl-  D 
cell  on  voltage  reversal  and  the  reported  infrequent  incidence  of  spontaneous** ex- 
plosion of  partially  discharged  cells  on  storage  (with  or  without  a resistive  load) 
led  us  to  consider  the  chemical  approach  for  the  solution  of  the  safety  problem. 

The  premise  is  that  an  understanding  of  the  chemistry  and  thermochemistry  of  the 
chemicals  present  in  the  Li/SOCl2  cell  at  the  various  states  of  storage  and  dis- 
charge will  ultimately  be  useful  in  formulating  an  acceptable  solution  to  the 
general  problem.  As  a first  step  we  carried  out  Differential  Thermal  Analysis  (DTA) 
of  the  chemical  compounds  and  their  mixtures  that  may  be  present  in  a partially 
discharged  Li/SOCl,  cell.  The  objects  were  (a)  to  identify  the  exothermic  combina- 
tions that  could  initiate  and  propagate  an  explosive  reaction,  (b)  to  determine  the 
temperature  at  which  these  could  occur,  and  (c)  to  distinguish  between  exothermic 
thermal  runaways  and  endothermic  pressure  bursts. 

We  also  carried  out  exothermiclty  measurements  on  the  various  chemicals 
(present  in  partially  discharged  cells)  when  combined  at  room  temperature.  This  is 
different  from  DTA  in  that  the  temperature  rise  of  the  various  chemical  combinations 
will  be  measured  at  room  temperature.  The  purpose  was  to  identify  the  chemical 
species  which  could  spontaneously  start  an  exothermic  reaction  inside  the  cell  to 
provide  the  high  temperature  needed  locally  for  the  thermal  runaway.  Once  the 


36 


specific  chemicals  which  may  trigger  the  spontaneous  explosions  are  identified. 

It  may  then  be  possible  to  control  them  by  chemical  and/or  physical  means. 

(a)  Differential  Thermal  Analysis  of  Lt/SOGly  Cell  Constituents 

Our  Initial  results  on  the  DTA  analysis  of  the  ell  reaction  products 
Indicated  that  the  technique  was  useful  In  distinguishing  b^stween  a pressure  burst 
and  a thermal  runaway.  The  former  was  endothermic,  whereas  the  latter  was  exo- 
thermic. The  technique  was  also  found  to  be  useful  In  determining  the  temperatures 
at  which  the  above  processes  are  likely  to  occur.  However,  the  interpretation  of 
some  of  the  results  was  complicated  because  of  the  reactivity  of  tho  thermocouple 
wire  (chromel-alumel)  with  the  chemical  to  be  analyzed.  The  sample  conta  ner 
used,  as  shown  in  Fig.  SO,  was  a sealed  glass  ampoule  with  Pt  wire  feed-lnrough, 
the  thermocouple  whes  were  welded  to  the  Pt  wires  inside  the  ami^ule.  We  chose 
a sealed  sample  container  as  opposed  to  an  open  glass  tube,  as  is  cur.jmary  for 
DTA  analysis,  because  of  the  reactivity  of  relatively  volatile  SOCI2.  The  physical 
contact  of  the  thermocouple  wires  with  the  chemicals  increased  the  sensitivity  of 
the  measurements,  but  It  also  allowed  the  thermocouple  wires  to  be  attacked  by 
reactive  substances,  particularly,  S.  We  found  that  the  DTA  thermograms  of  S 
resulted  in  exothermic  peaks  corresponding  to  Its  reaction  with  the  thermocouple 
wires  which  were  found  to  be  disintegrated  at  the  end  of  the  run.  In  order  to  avoid 
this  problem,  we  re-designed  the  sample  container  so  that  the  thermocouple  wires 
are  physically  Isolated  from  the  chemicals.  The  details  of  the  design  of  the  sample 
container  and  the  results  of  the  DTA  analysis  of  the  various  cell  reaction  products 
using  the  container  are  discussed  below. 

We  also  found  that  the  furnace,  provided  for  the  DTA  analysis  of 
corrosive  chemicals,  was  too  fragile  to  withstand  the  minor  explosions  resulting 
from  the  experiments.  We  designed  and  fabricated  a new  furnace  using  an  aluminum 
body  Instead  of  pyrex. 

(1)  Experimental 

A cross  sectional  view  of  the  new  sample  container  Is  shown 
In  Fig.  51.  It  has  a thermocouple  well  at  one  end  of  the  container.  The  thickness 
of  the  glass  of  the  thermocouple  well  was  kept  at  a minimum  In  order  to  maintain  a 
reasonable  sensitivity.  The  sample  container  was  filled  with  the  desired  chemicals 
from  the  end  opposite  to  the  thermocouple  well  and  was  frozen  using  liquid  nitrogen 
and  then  evacuated  and  sealed  with  a Hame.  The  absence  of  any  feed-through 
ensured  the  hermetlcity  of  the  containers.  Leaky  containers  result  In  spurious 
endotherms . 


The  earlier  furnace  was  modified  by  replacing  the  pyrex  body 
with  a thick-walled  aluminum  cyltoider  (Fig.  52).  Also,  the  furnace  was  used  In  an 
Inverted  position  In  order  to  ensure  that  the  chemicals  In  the  sample  container 
remain  In  contact  with  the  thermocouple  well. 
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The  sample  temperature  was  increased  from  room  tempera- 
ture (ZS^C)  to  a maximum  of  300*0,  at  an  average  rate  of  10*C/mlnute,  The 
linearity  of  the  temperature-time  profile  was  found  to  be  adequate  for  our  purpose. 
Both  the  sample  temperature  and  the  differential  temperature  were  recorded  in  a 
dual  channel  strip  chart  recorder.  The  reproducibility  of  the  measurements  was 
checked  by  replication,  and  it  was  found  to  be  satisfactory. 

(ii)  Results  and  Discussion 


The  chemical  species  known  or  presumed  to  be  present  in  the  partially 
discharged  Li/SOCl2  cells  are:  Li,  SOCI2,  LiAlCl^,  sulfur,  SO2 » LiCl,  1.1,503, 

Li2S,  Glass,  Carbon,  Teflon,  Nickel,  Kovar,  and  Trace  Impurities  (H2O/  etc.). 

In  addition,  transient  species  may  be  present  that  are  formed 
from  the  primary  cell  reaction  product,  SO,  (18).  In  addition  to  SO  they  include 
(50)2,  S2O  and  polymeric  (SjnO)jj  which  may  be  formed  as  a result  of  the  chemical 
reactions  16-19. 


2Li  + SOCI2 

2 LiCl  + SO 

(16) 

2SO  — > 

(SO)2 

(17) 

(SO2)  + SO  --  ^ 

S2O  + SO2 

(18) 

(S20)^  - - 

(SmO)n  + SO2 

(19) 

Any  and  all  of  the  above  species,  along  with  the  other  chemical  species  that  may 
have  been  formed  by  chemical  interactions  between  the  above  listed  species,  may 
be  responsible  for  the  initiation  and  the  propagation  of  the  thennal  runaway  en- 
countered in  the  thlonyl  cells.  For  our  initial  studies  we  restricted  ourselves  to 
the  stable  chemical  species.  Our  first  objective  was  to  identify  the  potential  species 
or  combination  of  species  that  may  cause  either  a pressure  burst  and/or  a thermal 
runaway  on  external  heating. 

The  DTA  results  of  the  above  stable  materials  and  their  various 
combinations  are  discussed  here. 

The  blank  DTA  thermogram  of  two  AI2O3  specimens  are  shown 
in  Fig.  53  which  represent  a base  line  for  all  the  thermograms. 

1 . Lithium 

The  DTA  thermogram  of  pure  Li  (0.015  gm)  at  5°C/min  heating 
rate  is  shown  in  Fig.  54.  The  endotherm  at  180® C represent  the  melting  of  Li  and  the 
two  sharp  exotherms  at  195®  and  202®  represent  the  exothermic  reaction  between  Li 
and  the  glass  sample  container.  The  glass  sample  container  broke  and  stuck  to  the 
sample  holder.  The  results  indicate  that  the  Li-glass  reaction  is  a potential  con- 
tributor to  the  thermal  runaway. 
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2.  Sulfur 


The  thermogram  of  S (0.12  gm)  at  5°C/mln.  Is  shown  in 
Fig.  55.  The  broad  endothermic  transition  at  45°  represent  the  base  line  drift  due  to 
thermal  lag  of  the  sample  and  not  a real  transition.  The  two  real  endothermic  transi- 
tions at  106°  and  121°C  represent  the  melting  of  two  types  of  sulfur  e.g.  rhombic 
and  monoclinic  (^  ) . 

3.  Thionyl  Chloride  (SOCI2) 


The  thermogram  of  SOCI2  (0.161  gm)  at  5°C/min  heating 
rate  is  shown  in  Fig.  56.  There  is  no  transition  prior  to  the  endothermic  bursting 
of  the  sample  at  231°C<.  most  likely  due  to  the  pressure  generated  by  the  decompo- 
sition of  SOCI2  to  SO2  andGl2«hnown  to  occur  at  elevated  temperatures. 

4.  Carbon  Cathode 


The  thermogram  of  carbon  cathode  (0.023  gm)  at  5°C/min 
did  not  show  any  transition  indicating  that  the  material  is  stable  in  glass  sample 
container  within  the  temperature  range  examined. 

5.  Electrolyte  Salt  (LIAICI 4) 


The  thermogram  of  LiAlCl4  (0.142  gm)  at  5°C/min  heating 
rate  is  shown  in  Fig.  57.  The  endotheim  at  118° C represents  the  melting  of  LiAlCl^. 
The  materials  appear  to  be  stable. 

6.  Lithium  Chloride  (LlCl) 

The  thermogram  of  LiCl  (0.118  gm)  at  5°C/min  is  shown 
in  Fig.  58.  The  small  endotherm  at  143°C  probably  represents  dehydration. 

7.  Lithivim  Sulfide  (Li2S) 


The  thermogram  of  LUS  (0.043  gm)  at  10°C/min  heating 
rate  is  shown  in  Fig,  59.  There  is  no  transmon  within  the  temperature  range 
examined. 


8.  Lithium  Sulfite  (LI2SO3) 


The  thermogram  of  Li2S03  (0.079  gm)  as  received  from 
supplier  (Fisher  Scientific)  is  shown  in  Fig.  60  at  10°C/min  heating  rate.  The 
endotherms  at  183°  and  at  214°C  represent  dehydration  as  the  material  was  in  the 
hydrated  form.  The  thermogram  after  vacuum  drying  at  75° C for  8 hours  still  showed 
those  two  endotherms  indicating  inadequate  drying.  The  thermogram  after  vacuum 
drying  at  135°C  for  20  hours  showed  no  endothermic  transitions  Indicating  completion 
of  the  drying  of  Li2S03 . 
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9.  Lithium  Oxide  (Li20) 

The  thermogram  of  LI2O  (0.043  gm) , as  shown  in  Fig,  61 , 
showed  no  transitions  indicating  its  thermal  stability. 

10.  Li  + SOCl2 


A typical  thermogram  at  10®C/mln  is  shown  in  Fig.  62. 
The  endothermic  transition  at  189®C  represents  melting  of  Li  and  the  exothermic 
blast  at  227°C  represents  a thermal  runaway. 

11.  Li  -f  Carbon  Cathode 


A typical  thermogram  (10°C/min)  is  shown  in  Fig.  63.  The  ando- 
therms  at  184®C  represent  Li  melting;  the  exothermic  transitions  represent  the  re- 
action of  Li  with  the  glass  sample  container  which  was  found  to  be  cracked  and 
stuck  to  the  sample  holder. 

12.  Li  + Glass  Paper  (Separator) 

The  typical  thermogram  as  shown  in  Fig.  64  indicates  an 
endotherm  at  187°C  corresponding  to  the  melting  of  Li  and  the  large  exothenns 
at  208°C  corresponding  to  the  vigorous  combustive  type  of  reaction  between  Li 
and  the  glass  separator  material. 

13.  Thermograms  of  Li  S 

We  carried  out  DTA  analyses  of  10  samples  of  Li  + S 
having  various  proportions  of  Li  and  S.  The  purpose  was  to  check  the  reproduci- 
bility as  well  as  to  ascertain  any  effect  of  the  sample  weights  on  the  nature  of 
DTA  thermograms.  One  representative  thermogram  is  shown  in  Fig.  65.  The 
reproducibility  of  the  thermograms  was  found  to  be  excellent.  The  relative  weights 
of  Li  and  S had  no  effect  on  the  ihermograms  within  the  limits  examined.  The  thermo- 
gram showed  two  endothermic  p(jaks  at  approximately  112°C  and  122®C,  correspond- 
ing most  likely  to  the  melting  points  of  two  types  of  sulfur,  viz,  rhombic  (113“C) 
and  monoclinic  (120°C).  There  was  a very  large  exothennic  peak,  occurring  in  the 
temperature  range  of  150®  to  1L4®C,  corresponding  to  a combustion.  The  heat 
generated  during  this  exotheriTial  peak  was  such  that  the  temperature  of  the  sample 
holder  increased  by  10®C,  Most  of  the  Li  was  consumed  during  this  combustion, 
and  there  was  no  endothennlc  peak  corresponding  to  Li  melting  at  higher  tempera- 
tures. 


The  data  indicated  that  the  exothermic  Li  + S reaction 
occurs  at  a temperature  higher  than  the  melting  point  of  S and  lower  than  the  melt- 
ing point  of  Li  when  they  are  present  in  a dry  state.  The  Li  was  used  as  a foil  and 
the  S was  in  powder  form . 
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14.  LI  + LI2S 


The  thermogram  showed  only  one  endothermic  peak  at 
194°C  indicating  the  melting  of  Li.  The  materials  appear  to  be  stable. 

15.  Li  + Li2S03 


The  thermogram  of  Li  + Li2S03 , H2O  (monohydrate)  is 
shown  in  Fig.  66,  and  the  thermogram  of  Li  + Li2S03  (anhydrous)  is  shown  in 
Fig.  67.  The  exothermic  peak  at  139°C  in  Fig.  b6  appears  to  be  associated  with 
the  reaction  between  Li  and  H2O  from  the  monohydrate.  The  endothennic  peak  at 
109°  and  the  large  exothermic  peak  at  174°C  which  are  present  in  both  Fig.  66 
and  67,  are  most  likely  due  to  the  reaction  between  Li  and  Li2S03. 

16.  SOCI2  + S 


The  thermogram  is  shown  in  Fig.  68.  There  was  one  very 
small  endothermic  peak  at  72°  followed  by  a sharp  endothennic  peak  at  107°C,  most 
likely  due  to  the  dissolution  of  S.  The  sample  container  burst  at  236° C with  a 
large  endotherm  indicating  a pressure  burst. 

17.  SOCI2  + Li2S 


A typical  thermogram  at  10°C/min  heating  rate  is  shown  in 
Fig.  69.  There  were  two  small  exothermic  transitions  at  74°  and  167°C  and  a very 
large  exothermic  transition  at  145°C  prior  to  the  usual  endothermic  burst  at  207°C. 
All  of  these  could  be  potential  contributors  to  a thermal-runaway,  either  as  initiators 
or  as  propagators  or  both. 

18.  SOCI2  + LI2SO3 

The  thermogram  of  SOCI2  + Li2S03 , H2O  (monohydrate) 
showed  no  transitions  prior  to  the  endothermic  burst  at  76^°C.  This  was  most  likely 
due  to  the  hydrolysis  of  SOCI2  from  the  H2O  of  the  monohydrate  to  form  SO2  and 
HGl,  the  pressure  of  which  ruptvtred  the  glass  sample  container.  The  thermogram  of 
SOCI2  and  LI2SO3  (anhydrous)  as  shown  in  Fig.  70  had  three  small  exothermic 
transitions  at  83°,  112°  and  167°  prior  to  the  endothermic  burst  at  171°C.  The 
reactions  corresponding  to  the  exothermic  transitions  are  not  known.  These  may 
also  contribute  to  a thermal  runaway. 

19.  S + Carbon  Cathode 


The  thermogram  as  shown  in  Fig.  71 , consists  of  three 
endothermic  transitions,  two  of  which  at  118°  and  134°C  represent  the  melting  of 
two  types  of  sulfur  and  the  small  third  one  at  184°  C probably  represents  dehydra'  ion 
of  the  cathode. 
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20.  S + Li2S 


The  thennogram  has  only  two  small  endothermic  transi- 
tions at  116°  and  122°  corresponding  to  the  melting  of  two  types  of  sulfur. 

21.  S + Li2S03 


The  thermogram  of  S + Li2S02i  H2O  (monohydrate)  contains 
two  endothermic  peaks  at  105°  and  120°  corresponding  to  the  melting  of  two  types 
of  S and  two  additional  endothermic  peaks  at  163°  and  207°  corresponding  to  the 
dehydration  of  Li2S03  (see  Fig,  60) . The  thermogram  of  S + Li2S03  (anhydrous) 
contains  only  two  enaothermic  peaks  corresponding  to  the  melting  of  two  types  of  S . 

22.  Carbon  Cathode  + 03803 


The  thermogram  of  carbon  cathode  + 112803 , H2O  (mono- 
hydrate)  showed  a large  endothermic  peak  at  200°  corresponding  to  "the  dehydration. 
The  glass  tube  was  found  to  be  broken  at  the  end  of  the  run  most  likely  due  to  the 
excessive  pressure  of  H2O  vapor.  The  thermogram  of  cathode  + 113803  (anhydrous) 
showed  no  transitions  at  all. 

23.  li+  KM)  liAlCl^,  8OCI2  (Electrolyte) 


The  thermogram  is  very  similar  to  the  thermogram  of 
li  + 8OCI2  (Fig.  62)  consisting  of  a small  endotherm  at  169°  followed  by  a large 
exothermic  blast  at  223°C  with  visible  flames. 

24.  11  + 8 + Ni  Tab 


This  DTA  run  was  taken  in  order  to  ascertain  whether  the 
presence  of  Ni  in  the  form  of  foil  caused  any  change  to  the  thermograms  of  li  + 8. 
Ni  is  present  in  the  thionyl  D cell  in  the  can,  the  tabs,  and  in  the  cathode  grid. 

The  thermogram  is  shown  in  Fig.  72.  There  is  only  a very  minor  difference;  the 
two  endothermic  peaks  corresponding  to  the  melting  of  sulfur  are  separated,  one 
occurring  at  92°C  and  the  other  at  134°C.  The  large  exothermic  peak  corresponding 
to  li  + 8 combustion  occurred  at  182°C  as  before.  There  was  no  change  in  the 
intensity  of  the  exothermal  combustion  of  li  and  8 in  the  presence  of  the  Ni  foil. 

25.  li  + 8 + 80Cl2 


We  examined  the  li  + 8,  li  + 8OCI2  and  the  8 + SOCI2 
combinations  separately.  It  is  of  interest  to  see  whether  there  is  any  peculiarity 
when  all  three  are  present  together.  The  thermogram  of  the  ternary  combination, 
li  + 8 + 8OCI2  is  shown  in  Fig.  73.  Note  that  the  endothennic  transitions  related 
to  8 are  indistinguishable  because  the  endothermal  shifting  of  the  baseline  resulted 
from  a difference  in  the  thermal  conductivity  between  the  reference  and  the  sample 
chemicals.  The  sharp  endothermic  peak  at  194°C  corresponding  to  the  melting  of 
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LI  and  the  exothermic  explosion  at  204°C  is  similar  to  that  observed  in  the 
thermogram  of  Li  + SOCI2  (Fig.  62) . In  general,  the  thermogram  is  similar  to  the 
Li  + SOCI2  thermograms  and  does  not  contain  any  features  of  the  Li  + S and  the 
S + SOCI2  thermograms.  In  the  Li  S system,  the  combustion  occurred  at  a 
temperature  lower  than  the  melting  point  of  Li , vdiereas , in  the  Li  + s + SOCI2 
system,  the  exothermic  explosion  occurred  at  a temperature  higher  than  the  melt.'ng 
point  of  Li. 


26.  Li  + Li2S  + SOCI2 


The  thermogram  is  shown  in  Fig.  74  and  it  consists  of  one 
relatively  large  exotherm  at  134"C,  very  similar  to  that  observed  in  the  thermogram 
of  Li^S  + SOCI2  (Fig.  69) , and  a small  endotherm  at  169*  corresponding  to  the  melt- 
ing of  Li  and  fmally  the  exothermic  thermal  runaway  at  214“C,  similar  to  Li  + SOCI2 
thermogram  (Fig.  62).  Thus,  the  thermogram  of  the  ternary  system  roughly  represents 
a combination  cf  the  thermograms  of  the  two  binary  systems , Li  + SOCL  and 
L2S  + SOCI2 . 


27.  Li+S  + Li2S 


I1..S  experiment  was  done  in  triplicate.  The  typical 
thermogram  as  shown  in  Fig.  75,  shows  small  endotherms  representing  the  transi- 
tions corresponding  to  S and  a large  exothermic  transition  at  177*C  corresponding  to 
die  combustion  of  Li  + S as  in  Fig.  65.  Characteristically,  there  was  no  endothennic 
transition  corresponding  to  the  melting  of  Li  prior  to  the  exothermic  combustion. 

28.  Carbon  Cathode  + S + SOCI2 


The  effect  of  SOCI2  on  the  thermogram  of  S + cathode 
mix  was  investigated  in  these  DTA  experiments.  The  experiments  were  done  in 
triplicate.  A typical  thermogram  is  shown  in  Fig.  76.  The  typical  two  endothennic 
peaks  corresponding  to  the  transitions  of  two  types  of  sulfur  were  replaced  by  one 
endothermic  peak  occurring  at  a lower  temperature,  lOl^C.  This  may  indicate  the 
endothermic  dissolution  of  S in  SOCI2.  At  higher  temperature,  219*C,  the  sample 
container  burst  with  a sharp  endotherm  corresponding  to  a pressure  burst. 

29.  Carbon  Cathode  + 1(M)  LiAlCl4  - SOCI2  (Electrolyte) 


The  thermograms  consist  of  only  a small  endotherm  at  88* C 
followed  by  the  endothermic  pressure  burst  at  238° C as  usual. 

30.  S + 1(M)  LiAlCl4  - SOCI2  (Electrolyte) 


The  thermogram  consists  of  one  endotherm  at  93°  , correspond- 
ing to  the  dissolution  of  S followed  by  the  endothermic  pressure  burst  at  193°C  very 
similar  to  Fig.  76.  This  experiment  was  done  in  duplicate. 
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31.  LI2S  + 1(M)  LiAlCl4  - SOCI2  (Electrolyte) 


The  thermogram  consists  of  one  small  exotherm  at  80°C, 
two  somewhat  larger  exotherms  at  109°  and  118°  and  another  small  exotherm  at 
149°  followed  by  the  endothermic  rupture  of  the  sample  container.  The  thermogram 
is  very  similar  to  the  thermogram  of  Li2S  + SOCI2  (Fig,  69). 

32 .  LI2SO3  + 1 (M)  LIAICI4  - SOCI2  (Electrolyte) 


The  thermogram  is  completely  featureless  exceot  for  the 
endothermic  bursting  at  184°C.  characteristic  of  all  samples  containing  tiOCl2. 
The  ^2803  used  was  anhydrous. 

33.  Li  + LI2SQ3  + SOCI2 


The  dietmogram  was  identical  to  die  thermogram  of 
Li  + SOCI2  (Fig.  62)  and  consisted  of  one  endolherm  at  188°  corresponding  to  the 
melting  of  Li  followed  by  an  exothermic  explosion  at  204°C. 

34 .  Li  + S + S2CI2 


The  thermogram  as  shown  in  Fig.  77  consists  of  a small 
endotherm  at  18S°C  corresponding  to  the  melting  of  Li,  followed  by  an  exothermic 
explosion  at  302°C.  The  second  thermogram,  shown  in  Fig.  78  consists  of  a small 
endotherm  at  73°C  most  likely  due  to  the  dissolution  of  S,  and  then  a second  endo- 
therm at  183°C  corresponding  to  melting  of  Li,  followed  by  a large  endotherm  at 
191°  and  larger  exotherms  at  197°  , 205°  and  224°C.  The  tube  was  found  to  be 
broken  and  stuck  to  the  sample  container.  The  results  of  the  second  run  were  some- 
what ambiguous  because  of  the  tube  breakage. 

35.  Li  + S + CS2 


This  experiment  was  also  done  in  duplicate.  Both  the 
thermograihs  were  quite  featureless  other  than  the  exothermic  explosion  at  169° 
and  178°C  for  the  two  experiments.  In  the  second  run,  the  explosion  was 
accompanied  with  blue  flames.  These  explosions  occurred  before  the  melting  of 
Li  at  temperatures  where  Li  - S combustions  were  observed  (Fig.  65) . 

36.  Li  + S + POCl3 


This  experiment  was  also  done  in  duplicate.  One  thermo- 
gram is  shown  in  Fig.  79.  The  small  endotherms  at  107°  and  115°  are  most  likely 
related  to  S and  the  third  endotherm  at  184°  represent  the  melting  of  Li.  The  sample 
exploded  exothermically  at  309°  C.  In  the  second  run  the  sample  exploded  after  it 
was  removed  from  the  furnace  at  the  end  of  the  run. 
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37.  Li  + S + 1(M)  LIAICI4  - SOCI2  (Electrolyte) 


The  thermogram  as  shovm  in  Fig.  80  was  very  similar 
to  that  of  the  Li  + S + SOCI2  thermogram  (Fig.  73)  consisting  of  two  small  endotherms 
at  990  and  122,  most  likely  related  to  S,  a latye  endotherm  at  188°  corresponding 
to  melting  of  Li  and  an  exothermic  blast  at  273°C. 

38.  Li  + S + SOCI2  + S2CI 2 


This  experiment  was  done  in  triplicate.  One  thermogram 
is  shown  in  Fig.  81.  Very  small  endothermic  peaks  are  related  to  the  interactions 
with  S and  the  endothermic  peak  at  18S°C  represents  the  melting  of  Li.  The  sample 
exploded  exothermically  at  234°C,  very  similar  to  that  of  the  Li  + S + SOCI2 
sample  (Fig.  73). 

39.  S + 1(M)  LIAICI4,  SOCI2  (90  vol%)  + S2CI2  (10  vol%) 


The  thermogram  is  shown  in  Fig.  82.  It  consists  of  an 
endotherm  at  96°C  corresponding  to  the  dissolution  of  S followed  by  an  endothermic 
pressure  burst  at  208°C. 

40.  S + 1(M)  LIAICI4,  SOCI2  (90  vol%)  + CS2  (10  vol%) 


The  thermogram,  as  shown  in  Fig.  83,  consists  of  two 
endotherms,  one  at  93°C,  most  likely  due  to  the  dissolution  of  S,  and  ai>other 
at  224° C and  surprisingly  no  endothermic  pressure  burst. 

41.  S + 1(M)  LiAlCl4,  SOCI2  (90  vol%)  + POCI3  (10  vol%) 


The  thermogram,  as  shown  in  Fig.  84  consists  of  one 
endotherm  at  107° C corresponding  to  the  S dissolution  followed  by  the  endothermic 
pressure  burst  at  215°C. 

42.  Li  + S + 1(M)  LIAICI4,  SOCI2  (90  vol%)  + S2CI2  (10  vol%) 


The  thermogram,  as  shown  in  Fig.  85,  consists  of  one 
endotherm  at  83°  corresponding  to  the  dissolution  of  S,  one  endotherm  at  185° 
corresponding  to  the  melting  of  LI  followed  by  a very  violent  exothermic  explosion 
at  261°C. 


43.  Li  + S + 1(M)  LIAICI4,  SOCI2  (90  vol%)  + CS2  (10  vol%) 


The  thermogram,  as  shown  in  Fig.  86  consists  of  one  endotherm 
at  88°C  corresponding  to  the  dissolution  of  S,  another  small  endotherm  at  185°C 
corresponding  to  LI  melting,  followed  by  a violent  exothermic  explosion  at  210°C. 
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Li  + S + 1(M)  LIAICI4,  SOCI2  (90  vol%)  + POCI3  (10  vol%) 


The  thermogram,  as  shown  in  Fig.  87,  consists  of  two 
endotheims  at  105°  and  185°C  corresponding  to  the  dissolution  of  S and  the  melting 
of  Li  respectively.  The  sample  exploded  violently  with  an  exotherm  at  22 5° C. 

All  the  above  DTA  results  are  summarized  in  Table  18. 

(iii)  Conclus  tons 


In  general,  all  the  cell  constituents  except  Li  and  SOCI2  were 
found  to  be  quite  Inert  when  tested  singly.  Li  showed  exothermic  reaction  with  glass 
sample  container  and  SOCI2  underwent  endothermic  pressure  burst. 

In  binary  combination,  the  following  chemicals  were  found  to  be 
capable  of  initialing  and  propagating  an  exothermal  combustion  and/or  thermal  run- 
away. The  lowest  temperature  at  which  it  occurred  is  shown  in  parenthesis. 

1.  Li  + SOCI2  (192«C) 

2.  Li  + glass  filter  paper  (207*C) 

3.  Li  + S(153“C) 

4.  Li  + Li2S03,  H2O  (139»C) 

5.  Li2S  + SOCI2  (f45°C) 

6.  LI2SO3  + SOCI2  (167°C) 

In  all  the  above  binary  combinations  except  (1)  and  (2) , the  exothenns  occurred 
below  the  melting  point  of  Li  whereas  in  the  case  of  (1)  and  (2)  the  exotherm  occurred 
at  or  above  the  melting  point  of  Li. 

Also,  note  that  the  presence  of  Li  is  not  essential  for  the  initiation 
and/or  propagation  of  a thermal  runaway,  as  in  the  case  of  binary  combinations  (5) 
and  (6).  Although  the  presence  of  LI2S  and  Li2S03  in  a partially  discharged  cell  has 
not  been  completely  established  as  yet,  it  is  reasonable  to  assume  that  the  chemical 
reaction  between  Li  and  S or  SO2  which  are  present  in  the  cell  may  lead  to  the  forma- 
tion of  LI2S  and  Li2S03. 

The  binary  combinations  which  caused  endothennlc  pressure 

bursts  are; 

7.  Li2S  + SOCl,  (207° C) 

8.  S + SOCI2  (n6°C) 

9.  Carbon  cathode  + SOCI2  (241°  C) 

10.  Li2S03*H20  + SOCI2  (76°C) 

11.  Li2S03  + SOCI2  (171°C) 

All  the  combinations  contained  SOCI2  vdiich  decomposed  to  SO2  and  CI2  leading  to  a 
pressure  burst.  In  the  case  of  the  binary  combination  (10)  water  of  hydration  catalyzed 
this  decomposition  so  that  the  pressure  burst  occurred  at  as  low  a temperature  as  76° C. 
This  demonstrated  the  importance  of  the  catalytic  effects  of  minor  amounts  of  impuri- 
ties on  the  safety  of  the  Li/SOCl2  system. 
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The  DTA  results  of  the  ternary  and  the  quartemary  combina- 
tions indicate  that  the  addition  of  LiAlC^  to  all  the  binary  combinations  contain- 
ing SOCln  did  not  alter  their  thermograms  in  any  significant  way.  The  electro- 
lyte salt  has  little  effect  on  the  safety  of  the  Li/SOCl2  system. 

On  the  other  hand,  the  addition  of  SOCI2  to  the  binary  combina- 
tions such  as  (3)  and  (4) , resulted  in  significant  changes  in  the  thermograms . The 
temperatures  at  which  the  exothermic  explosion  occurred  was  increased  (to  above 
the  melting  point  of  Li) . This  1 eads  us  to  conclude  that  the  presence  of  excess 
SOCI2  at  the  end  of  the  discharge  may  be  beneficial  from  a safety  standpoint.  On 
the  other  hand,  since  all  the  exothermic  explosions  occurred  with  samples  contain- 
ing Li,  it  is  reasonable  to  conclude  that  the  absence  of  Li  at  the  end  of  the  dis- 
charge may  also  be  beneficial  from  safety  considerations. 

The  effect  of  additives  such  as  S2CI2 » POClg  and  CS2  was 
found  to  be  insignificant  in  all  samples  containing  SOCI2.  However,  in  samples 
containing  no  SOCI2#  the  presence  of  S2CI2  and  POClo  Increased  the  temperature 
at  which  the  exothermic  explosion  occurred  from  (200-252®C)  to  (302®-309“C) . 

This  leads  us  to  conclude  Aat  the  effect  of  S2CI2  and  POCI3  on  die  safety  of  a 
fresh  and/or  partially  discharged  cell  is  negligible  but  it  may  be  significant  in  the 
case  of  a completely  discharged  cell  which  contains  no  SOCI2.  Since  our  previous 
results  indicate  that  a safer  design  is  the  one  in  which  the  Li  is  the  capacity 
limiting  electrode,  so  that  the  cells  will  have  excess  SOCI2  at  the  end  of  the  dis- 
charge, the  possible  beneficial  effects  of  additives  such  as  S2CI2  and  POCl^  are 
indeed  questionable. 

In  summary,  the  following  conclusions  were  arrived  at  from  the 

DTA  studies: 


1.  If  the  cells  can  be  designed  to  maintain  all  of  cell  interior 
at  temperatures  below  100°C  at  all  times,  including  all  local  sites  in  the  cell, 
the  cells  will  probably  not  experience  thermal  ran-aways  or  explosions. 

2.  Cells  designed  with  Li  as  the  limiting  electrode  are  safer 
than  excess  lithium  cells. 

3.  The  electrolyte  salts  may  not  have  any  significant  effects 
in  the  safety  of  the  Li/SOCl2  system, 

4.  The  catalytic  affects  of  trace  quantities  of  impurities 
may  lead  to  unpredictable  hazardous  conditions,  not  yet  fully  explored. 

5.  Usefulness  of  additives  such  as  S2i^l2 
hancing  the  safety  of  the  cells  could  not  be  demonstrated. 

6.  The  development  of  chemical  inhibitors  remains  an  open 

question. 
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7.  The  effects  of  unstable  reaction  intermediates  remain 
to  be  studied  (SO  and  its  intermediate  reaction  products). 

(b)  Exothennicity  Measurements 

The  primary  objective  of  these  experiments  was  to  identify  the 
chemical  combinations  present  in  a partially  discharged  cell  that  may  generate 
heat  locally  by  spontaneous  chemical  reaction  at  room  temperature,  leading  to  a 
spontaneous  thermal  rimaway  as  experienced  with  some  Li/SOCl„  cells . We 
measured  the  differential  temperatures  of  the  various  chemicals  ^t  may  be  present 
in  the  cell  when  they  are  combined  at  room  temperature.  We  call  it  the  "exo- 
therm.icity"  of  the  chemical  mixture. 

(i)  Experimental 

The  apparatus  is  schematically  shown  in  Fig.  88.  It  consists 
of  two  identical  glass  sample  holders  with  a special  thermocouple  trough  at  the 
bottom.  One  sample  holder  contains  alumina  at  room  temperature.  The  other  sample 
holder  contains  the  first  chemical  A that  will  be  examined.  The  second  chemical  B 
will  be  added  from  the  inlet  tube  in  the  form  of  liquid  or  vapor  and  will  be  allowed 
to  mix  with  the  first  chemical.  The  temperature  changes  occurring  during  the  mixing 
and/or  reaction  between  A and  B will  be  monitored  on  a strip  chart  recorder.  The 
entire  system  will  be  maintained  in  a thermostatic  bath.  A rise  in  the  temperature 
w ll  indicate  any  exothermic  reactions,  including  the  heat  of  mixing.  We  carried 
out  these  measurements  with:  Li,  SOCI2,  Li20,  LiOH,  H2O,  O2  in  order  to 
identify  the  exothermic  combinations. 

(ii)  Results  and  Discussion 


The  experiments  were  carried  out  in  three  parts.  In  the  first 
part  we  added  dry  SOCI2  vapor  to  the  various  materials  to  check  the  exothennicity. 
The  results  are  summarized  in  Table  19.  The  experiments  were  done  in  sequence 
according  to  the  columns  under  chemical  B from  left  to  right  of  Table  19.  Note 
that  passage  of  argon  through  the  chemicals  Li2S , Li20 , LiOH , Li2S  + Li20 , Li , 

Li  + S and  Li  + S + Li2S  caused  no  reaction,  exothermic  or  endothermic  as  expected. 
However,  it  caused  an  endothermic  change  with  H2O  due  to  evaporation.  Next, 
on  passage  of  SOCI2  vapor  with  argon  (bubbling  argon  through  SOCI2)  on  the  above 
chemicals  caused  exothermic  reactions  with  all  the  above  chemicals  except  Li  and 
Li  + S.  It  indicates  that  spontaneous  heat  generation  is  possible  when  SOCI2  comes 
in  contact  with  chemicals  such  as  Li2S  that  may  be  produced  in  the  cells. 

In  the  second  part  we  added  liquid  SOCl?  to  the  various 
chemicals  and  also  moisture  along  with  the  liquid  SOCI2 . The  results  are  sum- 
marized in  Table  20.  Again  going  from  left  to  right  of  column  under  chemical  B 
note  that  argon  produced  no  reaction  as  before.  But  addition  of  liquid  SOCI2  along 
with  the  continuing  argon  flow  caused  strong  exothermic  reactions  in  all  cases 
except  with  Li  and  Li  + S where  endothermic  reactions  were  observed  because  of 
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the  evaporation  of  SOCI2  by  flowing  argon.  Next,  addition  of  H2O  vapor  by 
means  of  argon  caused  exothennic  reactions  in  all  cases,  as  expected.  The 
results  indicate  that  ingress  of  moisture  into  Li/SOCl2  cells  may  lead  to  a 
hazardous  condition  by  setting  off  exothermic  reactions  which  may  lead  to  a 
thermal  runaway.  Such  a condition  might  occur  if  an  alleged  hermetic  seal  lost 
its  hermeticity  due  to  corrosion,  or  if  electrolyte  were  transferred  from  a cell 
under  conditions  of  perceptible  humidity. 

In  the  third  part,  as  summarized  in  Table  21,  we  determined 
the  effect  of  O2  and  we  repeated  some  of  the  experiments  of  part  two.  The  results 
indicate  that  O2  has  no  effect  and  confirm  the  previous  results  of  part  two  concern- 
ing the  strong  exothermic  reaction  of  liquid  SOCI2  and  moisture  with  all  the  above 
chemicals . 


(lii)  Conclusions 

Several  exothermic  chemical  combinations  have  been  identified . 
LI2S  + SOCI2  combination  undergoes  spontaneous  exothermic  reaction.  Since  a 
partially  discharged  cell  contains  both  LI  and  S dissolved  in  SOCI2,  the  formation 
of  Li2S  according  to  the  reaction 

2 Li  + S — ^ Li2S  (20) 

is  likely.  This  could  explain  the  incidence  of  explosions  of  partially  discharged 
cells  on  storage  at  ambient  temperature.  The  spontaneous  exothermic  reaction  be- 
tween L^S  + SOCI2  may  serve  as  a trigger  for  the  thermal  runaway.  Moistuc.^  en- 
hances the  reactions  and  the  system  becomes  more  exothermic  in  the  presence  of 
moisture.  Thus,  total  hermeticity  of  Li/SOCU  cells  at  all  stages  of  discharge, 
storage  and  disposal  appears  to  be  a pre-requisite  for  safety. 

(c)  General  Conclusions  From  the  Chemical  Approach 

It  was  demonstrated  from  DTA  studies  that  there  are  several  consti- 
tuents in  the  LI/SOCI2  cell  which  could  create  a thermal  runaway  when  heated  to 
a suitable  temperature.  Li  is  one  of  the  most  important  exothermic  components. 

It  was  shown  from  the  exothermiclty  measurements  that  there  are  several  chemical 
combinations  which  may  be  present  in  a partially  discharged  Li/SOCl2  cell  that 
are  capable  of  undergoing  spontemeous  exothermic  reaction  to  produce  heat  Inside 
the  cell.  Moisture  accelerated  this  heat  generation.  Thus,  a safer  cell  design 
consists  of  (1)  Li  as  the  capacity  limiting  electrode,  and  (2)  total  hermetic  cell 
enclosure  to  prevent  moisture  ingress.  The  first  feature  is  difficult  to  achieve 
since  on  high  rate  discharge,  the  carbon  cathode  is  polarized  long  before  the 
exhaustion  of  Li.  The  second  feature  is  routinely  practiced  with  all  of  the  most 
advanced  lithium  batteries. 
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VI.  Conclusion 


1 . The  Li/SOCl2  hermetic  D cells  developed  by  ns  are  capable  of 
delivering  energy  densities  of  290  WHr/lb  and  20  WHr/in^  at  low  rates  (0.01- 
0.03  A)  and  156  V/Hr/lb  and  11  WHr/in^  at  high  rates  (1 .0  A) . 

2.  The  capacity  retention  of  the  cells  were  found  to  be  excellent  on 
storage  at  72®,  55®,  45®  and  25®C  for  periods  of  3 months,  6 months,  1 year 
and  2 years  respectively. 

3.  The  voltage-delays  experienced  by  cells  Initially  on  72®C  storage 
and  -30®C  test,  were  alleviated  sufficiently  as  a result  of  a systematic  study 
of  the  problem,  that  the  cells  now  are  suitable  for  a wide  variety  of  military 
applications. 

4.  The  cell  explosion  on  shorting  is  preventable  by  the  low-pressure 
vent  approach. 

5 . The  thennal-runaways , forced  or  spontaneous , were  found  to  be  due 
to  the  exothermic  reactions  of  the  chemical  constituents  present  in  the  cell  on 
heating  either  by  abuse  (shorting,  etc.)  or  spontaneously  by  chemical  reactions. 

6.  A possible  mechanism  for  the  observed  spontaneous  thermal  runaway 
of  partially  discharged  cell  on  storage,  has  been  developed. 

7.  The  safety  questions  that  remain  unresolved  are: 

a.  Prevention  of  cell  explosion  on  reversal. 

b.  Prevention  of  explosion  of  partially  discharged  cells  on  storage. 

The  future  work  will  be  focussed  on  the  above  unresolved  safety  questions. 
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TABLE  1 

Compatibility  Studies  of  Metallic  Material  with  1.5  (M)  L1A1C1^-S0C12 
Inorganic  Electrolyte  at  65*C  (185*F) 


Metallic  Materials  Duration  of  Refluxing  Condition  of  the  Samples 

at  85"C  (days)  After  Refluxing 


Ni  Span  C 

47 

AM-350 

47 

Ni-A 

47 

52  alloy 

47 

Ni  - (99.5%) 

47 

Inconel  702 

47 

Inconel  750 

47 

Inconel  625 

47 

Invar 

47 

K-Monel 

47 

Incoloy  800 

47 

304  Stainless 

45 

316  Stainless 

45 

Monel  400 

45 

Inconel  600 

45 

Inconel  601 

33 

302  Stainless 

33 

Molybdenum 

33 

Tantalum 

33 

Nlclad  steel  sheet  (edges 

not  covered  by  Ni) 

32 

Discolored  in  contact  with  air 
No  sign  of  corrosion 

If  M II  II  It 

II  II  II  II  II 

II  II  II  II  II 

II  II  II  II  II 

II  11  It  II  II 

II  II  M M II 

II  II  II  II  II 

II  II  II  II  II 

II  II  II  II  II 

II  H II  II  II 

II  II  II  11  II 

II  II  11  II  II 

II  II  II  II  11 

II  II  II  M It 

II  II  II  II  II 

II  II  II  II  II 

Remained  shiny  in  air 
No  corrosion 

II  II  II  II 

Steel  completely  dissolved, 

Ni  part  intact 


' tabu:  2 

Compatiliility  Studies  of  Insulating  Mnterinls  with  1.5(M)  LiAlCl^-SOCl^ 
Inorganic  Electrolyte  at  SS^C  (185®F) 


Insulating  Materials 

Duration  of  Refluxing 
at  85®C  (days) 

Condition  of  the  Samples 
After  Refluxing 

1) 

'Wobril'  nonwoven  poly- 
propylene fabric 

47 

Complete  disintegration 

2) 

'Celyuard'  polypropylene  film 

47 

II  II 

3) 

Glass  filter  paper 

47 

Good,  no  change 

4) 

Fpoxy  G-10:  Epoxy  filled  fiber- 
glass woven  fabric 

33 

Glass  fabric  OK;  Epoxy 
disintegrated 

5) 

Polypropylent!  sheet 

40 

Dari:  ana  brittle 

f>) 

PVC  slieet 

46 

Complete  disintegration 

7) 

CPVC  sheet 

46 

M II 

8) 

ABS  sheet 

46 

II  II 

9) 

Plexiglass  sheet 

33 

II  II 

10) 

Rulon  rod  (a  typo  of  teflon) 

27 

Good , no  change 

11) 

Kel-F  rod 

27 

Good 

12) 

Teflon  rod 

27 

Good,  no  change 

13) 

Butyl  rubber(60  d) 

15 

Disintegrated 

14) 

Neoprene  rubber  (50  d) 

15 

II 

15) 

Neoprene  rubber  (70  d) 

15 

II 

16) 

Silicone  rubber 

15 

M 

17) 

Viton  rubber  (7U  d) 

15 

Cracked 
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TABLE  3 


Extended  Factorial  Matrix  for  the  Optimization  Studies 


Teflon  Content  LPS  Electrolyte  Foote  Electrolyte 

Wt  % Cone,  of  LiAlCl^  Cone . of  LiAlCl^ 


O.S(M) 

1.0(M) 

1.5(M) 

2.0(M) 

0.5(M) 

l.O(M) 

l.S(M) 

O.IA 

O.IA 

O.IA 

Rl 

O.IA 

O.IA 

O.IA 

10% 

0.3A 

0.3A 

0.3A 

0.3A 

0.3A 

0.3A 

0.5A 

O.SA 

O.SA 

O.SA 

O.SA 

O.SA 

l.OA 

l.OA 

l.OA 

l.OA 

l.OA 

l.OA 

l.OA 

O.IA 

O.IA 

O.IA 

O.IA 

O.IA 

O.IA  • 

O.IA 

20% 

0.3A 

0.3A 

O.SA 

0.3A 

0.3A 

0.3A 

O.SA 

O.SA 

O.SA 

mmm 

O.SA 

l.OA 

l.OA 

l.OA 

l.OA 

l.OA 

l.OA 

l.OA 

O.IA 

O.IA 

O.IA 

O.IA 

O.IA 

O.IA 

O.IA 

30% 

0.3A 

0.3A 

0.3A 

0.3A 

O.SA 

O.SA 

O.SA 

O.SA 

l.OA 

l.OA 

l.OA 

l.OA 

l.OA 

l.OA 

l.OA 
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The  Discharyc  Data  of  the  Inorganic  Electrolyte  'C  Cells  Constructed 
According  to  the  Factorial  Experiments  described  m Table  3 
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TABLE  4 (oontlntied) 
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TABLE  4 (continued) 

The  Discharge  Data  of  the  Inorganic  Electrolyte  ’C  Cells  Constructed 
According  to  the  Factorial  Experiments  described  n Table  3 
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TABLE  4 (continued) 

The  Discharge  Data  of  the  Inorganic  Electrolyte  'C  Celle  Conetructed 
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TABLE  4(contlnueci) 

The  Discharge  Data  of  the  Inorganic  Electrolyte  ’C  Cells  Constructed 
According  to  the  Factorial  Experiments  described  -n  Table  3 
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TABLE  4 (continued) 
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tabu;  5 


Internal  Pressure  of  the  Inorganic  Llectrolyte  'C  Cell  After  Discharge* 


Cell 

No 

Discharge  Temp. 
®C 

Discharge 

Current 

(A) 

Capacity  to 
2.0  Volt 
(A.  Hr) 

Gaue*  Pressure 
(PSD 

U) 

-30 

0.5 

2.8 

2 

H. 

2 3 

0.5 

A.] 

10 

17 

5f) 

0.5 

4.4 

23 

*Pr('f;sures  measured  at  25“C,  including  gauge  volume. 
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TABLE  6 

of  Li/SOCl2  Inorganic  Electrolyte  "D"  Cells  (Fresh)  at  Various  Temperatures 


TABLE  7 

Discharge  Data  of  Li/30Cl2  Inorganic  Electrolyte  "D"  Cells  After  Storage  at  72°C 
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Discharoc  Data  of  Li/SOCl2  laon-joaic  Cloctrolyto  "D"  Cells  After  Storage  at  55°C 
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TABLE  9 

Discharge  Data  of  Li/SOCl2  Inorganic  Electrolyte  'D'  Cells  After  Storage  at  45‘’C 


TABLE  9 (continued 
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TABLE  11 


Cell 

No. 

Test 

Current 

Capacity 

Dlsch.  Voltage  Delay  at  -30“  Test 
Af.er  After  Storage  at  72“  C for 
l.«?t  Test  Periods  of  (Months) 

(A. Hr)  12  3 6 

Capacity  Recovered 
After  6 Mo.  at  72“ C 
(A. Hr.)  (Test  Ter 

179 

0.25 

0.5 

0 

0 

0 

0 

5 

(-30“  C) 

183 

0.25 

0.5 

0 

0 

0 

0 

11 

(25“C) 

187 

0.25 

0.5 

0 

0 

0 

0 

8.2 

(25“C) 

200 

1.0 

0.5 

0 

- 

- 

- 

- 

209 

1.0 

0.5 

50 

40 

200(3. OA)  << 

0 

(-30“  C) 

211 

1.0 

0.5 

0 

0 

0 

0 

(-30“  C) 

218 

3.0 

0.3 

20 

52 

130 

0 

(-30“C) 

219 

3.0 

0.3 

120 

55 

150 

(7< 

0 

(-30“  C) 

222 

3.0 

0.3 

200 

92 

370 

(A 

0 

(-30“  C) 
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Table  12. 

Pilling -Bedwoith  Ratio  of  Some  LI  Compounds 


Li  Compounds 


LI2O 

Li3N 

LlOH 

LiaCOa* 

LiCl 


molar  vol . of  compound 
no.  of  gm.  atom  of  Li 
X gm.  atomic  vol.  of  Li 

0.57 

0.64 

1.26 

1.34 

1.58 
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Table  13,  Performance  Characteristics  of  the  Li/SOCl2  D Cells 

with  1.8,  0.5,  0.25  and  0. 1(MI  LiAlCl ,-SOCl„  Electrolytes 
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Table  14.  Voltage-Delay  Characteristics  of  Li/SOCl  D Cells  with  the 
Various  Electrolytes;  Storage  at  72* C,  Test  at  -30* C (cont.) 

Voltaqe-Delav  (Seconds)  on  Storage  of 
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Table  IS,  Voltage-Delay  Characteristics  of  Li/SOCl,  D Cells 

with  (llwt%)  SOj  in  1 (M)  LiAlCl.-SOCl,  Electrolyte; 
1 Month  Storage  at  72*C,  Test  at  -30“ C 


V\^t. 

Voltage-Delay  at  -30“ C 

Capacity  at  25“  C 

Loss 

Current 

Delay 

Current 

Capacity 

(gm) 

(A) 

(Sec) 

CA) 

(A.  Hr) 

4.8 

3.0 

240 

1 

10.8 

0 

3.0 

180 

10.3 

3.0 

11.4 

3.0 

2.2 

1.0 

No-delay 

13.6 

1.0 

12.1 

1.0 

(?C 

‘ 

2.8 

0.25 

No-delay 

0.25 

13.4 

17.8 

0.25 

No -delay 

9.8 

0.25 

No -delay 

TABLE  16. 


Venting  Time,  Venting  Temperature  and  Short  Circuit  Current  of  LI/SOCI2 

D Cells  With  Low  Pressure  Vent 


Cell  No. 

Short  Circuit  Current 
(A) 

Venting  Time  After 
the  External  Short 
(mt) 

Venting  Remarks 

Temperature 
«C 

251 

37 

5 

93 

No  explosion 

256 

22 

1.2 

110 

If 

258 

22 

5.3 

120 

II 

259 

22 

1.2 

95 

II 

262 

24 

6.0 

120 

If 

263 

22 

2.2 

100 

II 

264 

— 

3.4 

130 

II 
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TABLE  17. 

Discharge  Date  of  Li/SOCl2  Inorganic  Electrolyte  D Cells  with  Various  Electrode  Lengths  and  Anode  Widths 

Cathode  Width  = 1 .75”;  Test  Temperature:  25®C 
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TABUB  18 

Slunmary  of  the  DTA  Results 


Materials 

Tube 

Number 

Heating 

Rate  Peaks 

f“C/Minl  Type  Temp 

Explosions 
Type  Temp 

Remarks 

Li 

101 

5 

Endo  180" 

Exo  2X  195" 
.Exo_2X  _ 

None 

Tube  broken  and 
stuck  In  block 

S 

102 

5 

Endo  106" 

Endo  121" 

None 

SOCl, 

105 

5 

None 

Endo 

231" 

Carbon 

Cathode 

103 

5 

None 

None 

_L1A1C14 

_ 112  _ _ 

5 

Endo  118" 

None 

LiCl 

113 

5 

Endo  143" 

None 

_Ll^S_ 

37 

10 

None 

None 

LI2SO3 

60 

10 

Endo  183® 

Endo 

214" 

As  received  from 
supplier  contains 
H51O  of  hydration 

71 

10 

Endo  162" 

Endo  5X  199® 

None 

Tube  Broken 

Vacuum  dried  75®C 

8 hours. 

74 

10 

None 

None 

Vacuum  dried  135"C 
20  hours. 

Li+SOCl2 

21 

10 

Endo 

183" 

Exo  192® 

Broke  TC's 

26 

10 

Endo 

00 

0 

Exo  227" 

Blast 

107 

5 

Endo 

180" 

Exo  291" 

Blast 

Broke  DTC 

Li  + Cathode 

65 

10 

Endo 

170" 

None 

Tube  broken  and 

Exo  5X 

187" 

stuck  in  block 

85 

10 

Endo 

184" 

Tube  broken  and 

Exo  5X 

197" 

None 

stuck  in  block . 

Exo  50X 

199" 

86 

10 

Endo 

183" 

Tube  broken  and 

Exo 

214" 

,224"  None 

stuck  in  block 

80 


Heating 

Materials 

Tube 

Rate  Peaks 

Explosions 

Remarks 

Number 

(»C/Min)  Tvoe 

Temp 

Type  Temp 

Li  + Glass 

38 

10  Endo 

187" 

None 

Tube  broken  and 

Paper 

Exo 

207" 

stuck  in  block 

Exo  lOX 

214" 

39 

10  Endo 

187" 

None 

Tube  broken  and 

Exo  5 OX 

208" 

stuck  in  block 

TC  weld  broken 

Li2S+SOCl2 

34 

10  Exo 

Exo  5X 

77" 

142" 

Endo  219" 

51 

10  Exo 

74" 

Exo  lOX 

145" 

Endo  207" 

Exo 

167" 

52 

10  Exo 

76" 

Exo  5X 

147" 

Endo  229" 

Exo 

163"  _ 

S + SOCI2 

27 

10  sm^ndo 

71" 

Endo 

107"  _ 

Endo  236" 

Li  + S 

41 

10  Exo 

93" 

Endo 

113" 

None 

Small  crack  in  tube 

Endo 

128" 

Exo  5X 

174" 

42 

10  sm.  Endo 

113" 

Endo 

126" 

None 

Exo  5 OX 

168" 

43 

10  Endo 

112" 

Endo 

122'^ 

None 

Tube  broken 

Exo  20X 

184" 

44 

10  sm.Endo 

126° 

Exo  5 OX 

172" 

None 

45 

10  sm.Endo 

126" 

Endo 

132" 

None 

Exo  2 OX 

164" 

46 

10  Endo 

117" 

Endo 

127" 

None 

Exo  50X 

178" 

47 

10  sm.Endo 

116" 

Endo 

126" 

None 

Tube  cracked 

Exo  2 OX 

172" 

48 

10  Endo 

120" 

Endo 

126" 

None 

Tube  broken  and 

Exo  lOX 

159" 

stuck  in  block 

sm.Endo 

252" 

49 

10  Endo 

118" 

Endo 

124" 

None 

Tube  broken  and 

Exo  50X 

153" 

stuck  in  block 

sm.Exo 

290" 

Heating 

Remarks 

Materials 

Tube 

Rate 

Peaks 

Explosions 

Number 

(®C/Min)  Type 

Temp 

Type  Temp 

L 1 + S 

50 

10 

Endo 

118® 

Endo 

129® 

None 

Tube  broken  and 

Exo  SOX 

157® 

stuck  in  block 

Li20 

73 

10 

None 

None 

80 

10 

sm  Exo 

147® 

None 

^ M M 

sm  Endo 

153® 

S + Cathode 

28 

10 

Endo 

124® 

Endo 

134® 

None 

sm  Endo 

184® 

Li  + Li2S 

58 

10 

Endo 

194® 

None 

Li2S  + S 

59 

10 

Endo 

116® 

None 

. — — . 

Endo 

122® 

Li  ■!  Ll^SO-, 

61 

10 

Exo 

139* 

None 

Tube  broke  and  stuck 

Endo 

169® 

in  block 

Exo  5X 

174® 

75 

10 

Endo 

162® 

None 

Vac  dried  135®  20 

Exo 

17i® 

hrs.  112803.  Tube 

« « w « 

• • » « • 

Exo  2 OX 

179® 

broken  and  siuck 

S + Li2SOo , 

62 

10 

Endo 

105® 

H2O 

Endo 

120° 

None 

Tube  stuck  in 

Endo 

163® 

heating  block 

- • - . 

. • • • • 

Endo 

_207®_ 

S + LioSOo 

76 

10 

sm  Endo 

71® 

Endo 

105® 

None 

Vac  dried  135® 

Endo 

115® 

20  hrs  Li2S03 

Li2S03,  H2O 
+SOCI2 

63 

10 

None 

Endo  76® 

Li2S03+SOCl2 

82 

10 

Exo 

83® 

Vac  dlred  135® 

Exo 

112® 

Endo  171® 

_______ 

_ _ _ _ 

_ _ _ _ 

Exo 

_167®_ 

20  Hr^  Li2Sq3 

Cathode  + 

64 

10 

Endo 

209® 

None 

Bottom  of  tube 

Ll2S0j,  H2O  broken 

Cathode+LijSOs  78  10  None  None  Vac  dried  135° 

20  hr  LI2SO3 


Li+LiAiCl4+  67 
SOCI2 


10  sm  Endo  169®  Exo 


insulators 


82 


Heating 


Materials 

Tube 

Rate 

Peaks 

Explosions 

Remarks 

Number 

(®C/Mln)  Type 

Temp 

Type 

Temp 

Li+S+SOClg 

25 

10 

Endo 

194» 

Exo 

204® 

Broke  TC's  and 
insulator 

Li+S+Nl  tab 

40 

10 

Endo 

92® 

Endo 

134® 

None 

Exo  50X 

182® 

57 

10 

sm  Endo 

115® 

Endo 

126® 

None 

Exo  50X 

174® 

Cathode+S+ 

19 

10 

Endo 

105® 

SOGI2 

Exo 

121® 

Endo 

228® 

23 

10 

Endo 

100® 

sm  Endo 

154® 

Endo 

219® 

sm  Endo 

197® 

29 

10 

Endo 

105® 

Endo 

197® 

Li+S+Li-S 

35 

10 

Endo  81® , 

96® 

u 

Endo  117® 

,131® 

Exo  lOX 

179® 

None 

Small  crack  in  tube 

Endo 

290® 

53 

10 

sm  Endo 

127® 

sm  Endo 

149® 

None 

Exo  50X 

172® 

54 

10 

sm  Endo 

116® 

sm  Endo 

123® 

None 



Exo  50X 

173® 



Li+Li2S+ 

66 

10 

Exo 

134® 

SOCI2 

Endo 

169® 

Exo 

214° 

Broke  TO  and  insulator 

S+1(M)L1A1C14  68 

10 

Endo 

93® 

Endo 

193® 

+SOCI2 

_87 

_ -10. 

Endo 

103®  _ 

Endo 

_22_7®_ 

Cathode+l(M) 

59 

10 

Broad 

LiAlCl4+SOCl2 

Endo 

88® 

Endo 

238® 

Li2S+l(M) 

70 

10 

sm  Exo 

80® 

LiAlCl4+SOCl2 

Exo  2X 

109® 

Endo 

197® 

Exo  2X 

118® 

sm  Exo 

149° 

Li2S03+LlAlCl4  81 
+SOCI2 

10 

None 

Endo 

184®  Vac  dried  135® 
20  hrs  Li^SO-) 

LirLl2S03+  03 

SOCI2 

10 

Endo 

188®  Exo 

204® 

83 


84 


Heating 


Materials 

Tube 

Number 

Rate  Peaks 

(®  C/Min)  Type 

Temp 

Explosions 
Type  Temp 

Remarks 

Li+S+S2Cl2 

95 

10 

Endo 

185* 

Exo 

302* 

96 

10 

Endo  73* , 

183* 

Endo  5X 

191* 

Exo  20X 

197* 

None 

Tube  broken,  bottom 

Exo  5X 

205* 

half  stuck  in  block 

W _ _ M 

« M B « 

Exo 

224* 

Li+S+CS2 

97 

10 

None 

Exo 

169* 

98 

10 

None 

Exo 

178* 

Blue  flames 

Li+S+P0Cl3 

99 

10 

Endo 

108* 

Ejqploded  when  furnace  was  lifted 

Endo 

184* 

off  after  the  run 

100 

10 

Endo 

107* 

Endo 

115* 

Exo 

309* 

Broke  TC  and 

Endo 

184* 

insulator 

Li+S+LIAICI. 

84 
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Typical  Discharge  Curves  of  Non-Hermetic  'C  Cells 
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DISCHARGE  CURRENT.  ( A ) 

Cell  Capacity  (Q)  vs.  Log  Current  (I)  Plots  of  "C"  Cells 
with  1(M)  LiAlCl.  LPS  Electrolyte  for  10%,  20%  and  30% 
Teflon  in  the  Cathode 
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TIG  WELD 


Fig,  7,  Cross  Sectional  View  of  the  Hermetic  "D"  Cell 
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Fig.  8.  Photograph  of  the  Hermetic  D Cell  and  the  Electrode  Assembly 
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CELL  CAPACITY,  A - Hr 

Discharge  Curves  of  the  Fresh  LI/SOCI2  D Cells  at  25®C  on  Constant  Currents  of  0.1,  0.25,  0.5,  1.0  and  3.0A 
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Fig,  10,  Cell  Capa 
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* CELL  CAPACITY,  A • Hr 

Discharge  Curves  of  Fresh  Li/SOClo  D Cells  at  -54‘*C  on  Constant  Currents  of  0.1,  0.25, 
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CELL  CAPACITY  , A- Hr 

Fig.  14.  Discharge  Curves  of  Li/S0Cl2  D Cells  After  a Storage  of  4 Weeks  at  72°C  and  Discharge  at  25°C  at 

Currents  of  0.25,  1.0  and  3.0A 


SnOA  ‘ 39VJnOA  1130 


102 


CELL  CAPACITY  , A-Hr 

Fig.  15.  Discharge  Curves  of  Li/S0Cl2  D Cells  After  a Storage  of  4 Weeks  at  ?2°C  and  Discharge 

at  -30°C  at  Currents  of  0.25,  1.0  and  3.0A 
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Fig. 20,  SEM  photograph  of  Li  surface  exposed  to  1,8  (M) 

LiAlCl4-SOCl2  for  590  hours  at  55®C,  magnification  1000. 
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Fig.  21.  SEM  photograph  of  Li  surface  exposed  to  distilled 
SOCI2  for  624  hours  at  78°C,  magnification  1000. 
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EXPANDED 

Ni 


STAINLESS  STEEL 
SPECIMEN  MOUNT 


Fig,  22.  Cross  Sectional  View  of  the  Li  Specimen  Mounted  on  Stainless 

Steel  Specimen  Mount 
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Fig,  23.  SEM  Photographs  ol  Li  Surface  Exposed  to  1.0  (M)  LiAlCl^- 

SOCI2  + 1%  AICI3  for  26  Days  at  720C.  (a)  lOOOX  (b)  200X; 
Film  Thickness:  100  microns. 


110 


Fig,  24.  SEM  Photograph  of  Li  Surface  Exposed  to  1.0  (M)  LiAlCl4- 

SOCI2  + 0.01%  H2O  for  71  Days  at  550C.  (a)  lOOOX  (b)  ZpOX; 
Film  Thickness:  100  microns.  '' 
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(a) 


Fig.  25.  SEM  Photograph  of  Li  Surface  Exposed  to  1.0  (M)  LiAlCU- 

SOCI2  + 10%  S2CI2  for  16  Days  at  720c.  (a)  lOOOX  (b)  200X; 
Film  Thickness:  50  microns. 
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Fig.  26.  SEM  Photograph  of  Li  Surface  Exposed  to  1 .0  (M)  LiAlCl^- 

SOCI2  + 17.3%  SO2  for  8 Days  at  72°C.  (a)  lOOOX  (b)  200X; 
Film  Thickness:  50  microns. 
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Fig.  27,  SEM  photographs  of  Li  surface  exposed  to  0. 5 (M)  LiAlCl.-SOCL 
for  8 days  at  72»C,  ^ ^ 

(a)  lOOOx  (b)  lOOx;  film  thickness:  100  microns. 
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115 


Schematic  Representation  of  Two  Types  of  FUm  Growth: 

(a)  Formation  of  Tall  Clusters  Over  a Bed  of  Small  Crystals. 

(b)  Formation  of  Large  Crystals  Over  the  Bed  of  Small  Crystals. 
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Fig.  32 
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Fig.  34,  LI  Film  Growth  on  Storage  In  1.0  (M)  UAICI4-SOCI0  + 10%  S9CI0  '6wt%)  at  72®  , 55°  and  2 5°C 
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Fig.  35 


so  + 2 Cl" 


Li  ^ Li  + + e 


Fig,  36,  Schematic  Representation  of  Film  Growth  by 

local  Action  Through  the  Pores  of  the  Electronically 
Conducting  Film 
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CURRENT . AMPS 

Fig.  37.  Capacity  Rate  Curves  of  LI/SOCI2  D Cells  with  1.8,  1.0,  0.5,  0.25  and  0.1  (M) 
LIAICI4-SOCI2  Electrolyte 


TEMPERATURE,  «C 


Fig.  38.  Plot  of  the  Skin  Temperature  of  a Li/SOCl2  D Cell  as  a Function 
of  Time  After  Shorting  the  Cell  Externally 
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Fig.  39  Plots  of  tlie  Skin  Temperature  and  the  Short  Circuit  Current  of  Li/S0Cl2  D Cells 
With  the  Open  Electrolyte  Fill  Port  ag  a Function  of  Time  after  Shorting  tlie  Cell 

Externally, 


CONTACT  SPRING 


PRESSURE  TRANSDUCER 


Fig.  40.  Schematic  View  of  the  Device  for  Measuring  Internal  Cell  Pressur. 
and  for  Cell  Venting  by  Remote  Control. 
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TIME  .MINUTES 


Fig,  42,  Plots  of  Pressure,  Temperature,  Voltage  and  Current  as  a Function  of  Time  on  Shorting  the 

D Cell  and  Venting  at  400  PSI. 
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Fig.  43.  Wall  Temperature-Time  Profile  of  LI/SOCI2  Hermetic  D Cells  With  Low  Pressure  Vent 

on  Shorting  at  25®  and  72® C 


Fig.  44,  Cell  Voltage  and  Cell  Temperature— Time  Profile  of  D Cells  with  Low  Pressure  Vent  on 

Forced  Discharge  at  0.5A. 


Fig.  45.  Voltage  and  Temperature-Time  Profiles  of  D Cells  with  Low  Pressure  Vent  on  0.25A 

Forced  Discharge. 
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Fig.  46.  Plots  of  Capacity  Versus  Logarithm  of  Discharge  Current  of  the  Li/SOCl2  D Ceils  With  Varying 

Electrode  Lengths 
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Pig.  48  Plots  of  the  Skin  Temperature  and  the  Short  Circuit  Current  of  the  Hermetic  Ll/SOCl 
D Cells  with  7"  Electrode  as  a Eunction  of  Time  After  Shorting  Externally. 
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Fig.  50.  Cross  sectional  view  of  the  hermetic  sample  container 
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Fig.  51.  The  Sample  Container  v/ith  a Thermocouple  Well 
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Fig.  52.  Cross-Sectional  View  of  the  DTA  Furnace  with  the 


Sample  Holder 
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Fig.  53,  Thermogram  of  AI2O 3 Sample  (Blank) 
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Fig.  54.  Thermogram  of  Li,  Sample  #101 
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Fig.  55.  Thermogram  of  S,  Sample  #102 
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Fig.  56.  Thermogram  of  SOCI2 . Sample  #105 
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Fig.  58.  Thermogram  of  LlCl,  Sample  #113 
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Fig.  60.  Thermogram  of  Li2S03,  Sample  #60 
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Fig.  61.  Thermogram  of  Li20,  Sample  #73 
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Fig.  63.  Thermogram  of  Li  + Carbon  Cathode,  Sample  #85 
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Thermogram  of  LI  (0.011)  + glass  separator  (0.008),  Sample  #39 


Fig.  66,  . Thermogram  of  LI  + Ll2S03*H20,  Sample  #61 
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Fig.  67.  Thermogram  of  Li  + LI2SO3  (Anhydrous),  Sample  #75 
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Fig.  68,  Thermogram  of  S (0.087)  + SOCl„  (0.128),  Sample  #27 
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Fig.  70.  Thermogram  of  Li2S02  + SOCI2.  Sample  #82 
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Fig.  71, Thermogram  of  S (0.060)  + Cathode  Mix  (0.017),  Sample  #28 
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Fig,  72.  Thermogram  of  Li  (0.012)  + Ni  (0.012)  + S (0.034)  Sample  #40 


Fig.  74.  Thermogmm  of  Li  + Li2S  + SOClj.  Sample  #66 
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Fig.  75.  Thermogram  of  Li  + S + LI2S,  Sample  #35 
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Thermogram  of  S (0.050)  + Cathode  Mix  (0.012)  + SOCl«  (0.145),  Sample  #23 
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Fl9.  78.  Thermogram  of  Li  -»■  S -t-  S2Cl2»  Sample  #96 
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79,  LI  + S + POCI3 , Sample  #100 


Fig.  80.  Thennogram  of  Li  + S + IM  LIAICI4-SOGI2 , Sample  #84 


Pig.  81.  Thermogram  of  li  (0.012)  + S (0.031)  + equal  volumes  of  SOCl,  + S«C1,  mixture  (0.092),  Sample  #33 
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mV 

Fig.  83.  Thcnnogram  of  S + IM  LIAICI4-SOCI2  (90  vol%  + CS2  (10  vol%) , 

Sample  #89 
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Fig.  84.  Themogram  of  S + IM  LiAlCl4-SOCl2  (90  vol%)  + POGI3  (10  vol%) 

Sample  #90 
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Fig.  85.  Thenmograr.i  of  Li  + S + IM  LiAiCl4“SOCl2  (90  vol%)  + S2CI2  (10  vol%) 

Sample  #92 
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Fig.  86.  Thermogram  of  Li  + S + IM  LIAICI4-SOCI2  (90  vol%)  + CS2  (10  vol%) 

Sample  #93 
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Fig.  87.  Thermogram  of  Li  + S + IM  LlAlGl^-SOCl2  (90  vol%)  + POCI3  (10  vol%) 

Sample  #94 
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Fig.  88.  Apparatus  for  Exothermicity  Measurements 
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